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ABSTRACT 


This is the third of four volumes of the contract final report which summarizes all of the woric 
performed in a govemment-sponsored Automotive Gas Turbine Development Program (D.O.E. 
Contract No. DE-AC02-76CS52749). In this third volume of the contract final report, an 
assessment is made of the potential for developing an Improved Gas Turbine (IGT) propulsion 
system. The design was bas^ on the application of current and near-term technology in a concept 
targeted to enter production development by 1963. The study was directed toward deBning 
automotive gas turbine concepts with significant tedmological advantages over the spark ignition 
(SI) engine. Possible design concepts were rated with respect to fuel economy and near-term 
application. A program plan was prepared whidi outlines the development of the IGT concept 
tluit best met the goals and objectives of the study. IdentiBed in the program plan is the resear^ 
and dev^pment work needed to meet the goal oi entering a production engineering phase by 
1983. 


The fuel economy goal of the study was to show at least a 20% improvement over a conventional 1976 
SI engine/ vehicle system. On the bases of achieving the fuel economy goal, of overall suitability to 
mechanical design, and of automotive mass production cost, the powertrain selected was a single-shaft 
engine with a radial turbine and a continuously variable transmission (CVT). Design turbine inlet tem- 
perature was 1150*C. Reflecting near-term technology, the turbine rotor would be made of an advanced 
superalloy, and the transmission would be a hydromechanical CVT. With successful progress in long- 
lead R&D in ceramic technology and the belt-drive CVT, the turbine inlet temperature would be 
1350*C to achieve near- maximum fuel economy. 



1.0 

SUMMARY 


This volume of the contract final report presents the results of a study of an Improved Gas Turbine 
(IGT) propulsion system, based on the application of current and near-term technology in a concept 
targeted to enter production development by 1983. This study was directed toward defining 
automotive gas turbine concepts with significant performance advantages over the spark-ignition (SI) 
engine. Possible design concepts were rated with respect to fuel economy and near-term application. 

The goals and objectives for the design of the IGT were: I 

1 . At least a 20% improvement in powertrain *^hermal efficiency over a conventional 1976 SI -engine/ 

vehicle - 

2. Noise and exhaust-emission levels within presently or projected legal requirements. 

3. Reasonable initial cost and life-cycle cost of -ownership no greater than those for the projected 
equivalent SI engine/vehicle system. 

4. Reliability, driveability, and safety equal to or better than the projected equivalent SI engine/vehi- 
cle system. 

5. Clear potential for completing prototype engine-vehicle system tests by 1983 and being at a point 
where a decision on production engineering could be made. 

Design studies were performed to assess the potential for improving the existing Upgraded Engine 
design to m-:et or exceed the above goals and objectives. The results showed that the gain in fuel econo- 
my was only 13% or 7 percentage points below the study goal. Therefore, alternate cycles and engine 
concepts were investigated. 

The cycle study covered a range of compressor pressure ratios from 4.2 to 10 at cycle temperatures of 
1052*C and 1350*C. The calculations were performed for single-shaft and two-shaft engine 
configurations only. The single-shaft engine was combined with a continuously variable transmission; 
the two-shaft engine was combined with a three-speed automatic transmission with a Icckup torque 
converter. 

The maximum values of fuel economy were achieved with the single-shaft engine; at 1350*C. the fuel 
economy was 15% greater than the study goal of 23.5 mpg. The selected design pressure ratio was 4.2; 
this was judged to be the best compromise between fuel economy and the anticipated stress levels for 
the turbine 

The cycle study showed that the best fuel economy for a powertrain with a single-shaft engine is 
obtained at a pressure ratio between 4.2 and 5.5 for a turbine inlet temperature schedule determined by 
operation with c. stant turbine exit temperature. The optimum pressure **atio depends on the com- 
ponent efficiency levels. The difference in fuel economy between a design pressure ratio of 4.2 and 5.5 
varies from zero to 0.4 mpg. Consequently, there is only a small impact of selected design pressure ratio 
on the fuel economy obtained with the single-shaft engine, for the assumptions of component effi- 
ciencies used in this study. 

following the cycle study, there was a screening analysis of the most promising concepts at the design 
conditions selected from the cycle study. The powertrain concepts v' luded single-shaft, two-shaft, 
and three-shaft engines with suitable transmission combinations. Single-stage and two-stage com- 
pressors, single-stage radial and axial turbines, and multistage axial turbines were considered. The 
screening study included preliminary flowpath evaluation for impact on aerodynamic and mechanical 
considerations. 

From the results of the screening study, four concepts were selected for final evaluation of powertrain 
performance and ’ mechanical design The engines selected were, the single-shaft engine with a radial 
turbine, the two-shatt engine with a free power turbine with variable nozzle vanes, the three-shaft 
engine with interconnected turbine shafts, and the three-shaft engine with a twin-spool gas generator. 

The review of the four concepts was characterized by component matching calculations to determine 
the hottest turbine inlet temperature schedule consistent with restraints on surge margin and material 
properties 
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Preliminary stress analysis was conducted to evaluate disc stresses in axial and radial turbines. The 
results of the stress analysis showed high risk in the design of axial turbines for an engine with a design 
pressure ratio of 4.2. The risk is based on the high level cf disc stresses due to thermal loads and on the 
lack of available space to insulate the bearings from the flowpath. These risks increase as design 
pressure ratio increases. 

The results of the final evaluation showed that only the single-shaft engine with a CVl and the three- 
shaft engine with interconnecting shafts and a two-speed manual transmission met and exceeded the 
fuel economy goal of the study. At a design-point pressure ratio of 4.2:1, the single-shaft engine could 
meet the goals at a turbine inlet temperature as low as 1050*C. At the same design pressure ratio, the 
three-shaft engine could only meet the goal at 1350*C. These results are based on the assumptions of 
component efficiencies, parasitic losses, and heat and flow leaks used in the powertrain performance 
estimates, along with the assumptions of transmission efficiencies and performance characteristics. 

On the bases of fuel economy, of overall suitability to mechanical design and of automotive mass 
production cost, the powertrain selection is a single-shaft engine ivith a radial turbine and a 
continuously variable transmission; design turbine inlet temperature is 1150*C. This powertrain con- 
cept was judged to best meet the goals of a development program for the Improved Gas Turbine. 

With advanced superalloys, a development program could be planned w'ith a limited-life turbine 
designed for 1150*C. This would allow time for development of a practical CVT and for development of 
ceramic materials with strength properties suitable for design application to achieve maximum 
powertrain fuel economy at 1350*C. 

The CVT configuration selected for use on the powertrain is a belt-drive CVT. This w^as selected as 
being the most practical type of C\T for automotive application, since it is simpler than the hydro - 
mechanical types and requires smaller driving forces than the traction type. The selection of the belt- 
drive CVT is based on the reductions in cost and noise compared to a hydromechanical CVT. Analysis 
indicated that a transmission based on use of variable-speed V-belt could be produced at about two- 
thirds the cost of a hydromechanical unit and would not likely require development to achieve accept- 
able noise levels. 

A program plan was prepared which identified the research and development work needed to bring the 
single-sha^t powertrain to the production engineering phase by 1983. 

The engine would be designed for 77 hp (unaugmented) with a maximum power of 85 hp (augmented), 
a design turbine inlet temperature of 1150*C, a design pressure ratio of 4.2, and a metallic single-stage 
radial turbine. The CVT would be either a hydromechanical type or a belt-drive type, depending on the 
outcome of the transmission development. The selected vehicle has an inertia weight of 2750 lbs. with 
front wheel drive. The fuel economy goal is 30.4 mpg, based on gasoline. 

The program would be carried out in two parts. In the first part, the design turbine inlet temperature 
will be 1040*C to permit development of the shafting, bearings and gears and to allow demonstration of 
the aerodynam'C efficiency levels with metallic static parts. The maximum power would be 68 hp. In 
the second part of the program, the turbine will be reconfigured for a design turbine inlet temperature 
of 1150*C. The combustor and turbine static components will be made of ceramic materials for this 
temperature. The compressor will not change, but the turbine must be redesigned aerodynamically to 
properly match with the compressor and deliver a higher maximum output power of 85 hp. 

The long-lead R and D items in the program are a ceramic radial turbine and a belt-drive CVT To 
achieve the long-term ultimate tuel economy goal, it will be necessary to make the turbine out of ce- 
ramic material. To accomplish this, however, the ceramic material must have the needed mechanical 
properties and be capable of low-cost processing A ntethod of attaching ceramic material to a metal 
shaft must also be developed. 
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2.0 This is the third ot four vdumes of the contract final report which summarizes all of the woric 

INTRODUCTION performed in a government-sponsored Automotive Gas Turbine Dev^opment Program (D.O.E. 

Contract No. DE-AC02-76CS52749). Volume 1 presents the results of work performed with a 
Baseline Engine. Testing was carried out on this engine to document the state-of-the-art of the 
automotive gas turbine engine at the start of the program in 1972 and to conduct tests on certain 
component improvements. Volume 2 summarizes the design and development work on an 
Upgraded Engine, which incorporated the component improvements of the Baseline Engine. This 
dtird volume presents the results of a study for an Improved Gas Turbine (IGT) propulsion system 
which employs the development results from the Upgraded Engine and advanc^ concepts in 
materials and mechanical design. Volume 4 reviews the state-of-the-art of high temperature 
materials (superalloys, refractory alloys, and certamics) as of 1978 and provides the materials 
tedmology background for the IGT study. 

The purpose of the IGT study was to apply current and near-term technology to define a propulsion 
system configuration targeted to enter production development by 1983. This study was .directed 
toward defining automotive gas turbine concepts with significant performance advantages over the 
spark-ignition (SI) engine. Possible design concepts were rated with respect to fuel economy and near- 
term application. 

The goals and objectives for the design of the IGT were: 

1. At least a 20% improvement in powertrain thermal efficiency over a conventional 1976 Sl-engine/ 
vehicle. 

2. Noise and exhaust-emission levels within presently or projected legal requirements. 

3. Reasonable initial cost and life-cycle cost -of -ownership no greater than those for the projected 
equivalent SI engine/ vehicle system. 

4. Reliability, driveability, and safety equal to or better than the projected equivalent SI engine/ vehi- 
cle system. 

5. Clear potential for completing prototype engine/ vehicle system tests by 1983 and being at a point 
where a decision on production engineering could be made. 

In carrying out the design studies, two categories of technology were considered: 

1. Existing technology which had not been previously applied to this class of turbine, and 

2. Currently-evolving (near-term) : . hnology which was reasonably expected to become available in 
time to support the completion goal of the program. 

Examples of Item 1 are: increased cycle pressure ratio (>4) and radial turbines. Examples of Item 2 are: 
continuously variable transmission, ceramic material, and high -temperature air bearings. In these stud- 
ies, due consideration was given to the marketability in establishing design trade-offs relative to fuel 
consumption, costs, and performance. 

Design studies were first performed to assess the potential for improving the existing Upgraded 
Engine design to meet or exceed the above goals and objectives. The results showed that the gain 
in fuel economy was oijly 13% or 7 percentage points below the study goal. Therefore, alternate 
cycles and engine concepts were investigated to achieve the fuel economy goal. 
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The evaluation of the potential for an improved Upgraded Engine to meet the IGT fuel economy goal 
was based on changes in TIT schedule and small increases in component efficiency targets. Although 
some of the targets were not realized in actual engine performance, it was assumed that the original 
goals could be met with changes in aerodynamic design or in engine mechanical design. These changes 
and the use of near-term technology are discussed in this section along with the estimated increase in 
fuel economy. 

The maximum turbine inlet temperature was increased from 1050*C (1925*F) to 1150*C (2100*F). It was 
assumed that the turbine material would change from MAR-M-246 to the Pratt & Whitney RSR 
superalloy. At off-design, the turbine inlet temperature was increased such that off -design tem- 
peratures were closer to design- point temperature than the off -design values for the Upgraded Engine. 
This was accomplished by specifying constant power turbine inlet temperature instead of constant out- 
let temperature. A check with the steady-state surge line of the compressor allowed this. In addition, it 
was assumed that the combustor and vortex-chamber material would be made of ceramic material. 
Maximum power was reduced from 104 hp (unaugmented) to 91 hp (unaugmented) to be consistent 
with the specified vehicle performance goals. The compressor -turbine inlet and power turbine outlet 
temperature schedules are shown in Figure 1. 

Along the engine operating line, the compressor efficiency of the Upgraded Engine ranges from 2 points 
above to 2 points below the goal values from 50% to 100% speed. Test data shows that this is partially 
attributable to installation effects of the asymmetrical collector and possible clearance effects due to 
housing deflections under actual engine operating conditions in contrast to thermal distortion under 
test rig conditions. It was expected that, upon mechanical redesign, these influences could be 
sufficiently eliminated. To enhance the achievement of the goal efficiencies for the Improved Gas 
Turbine, the specific speed was increased by 20% . The compressor efficiency variation along the engine 
operating line is shown in Figure 1. 

Analysis of engine test data shows that the efficiency of the compressor- turbine of the Upgraded 
Engine is 3.5 points below goal. A correlation of turbine efficiency with work coefficient (Reference 1) 
for ' mall turbine blade heights (about 1.2 cm) shows that the original efficiency goal was one point 
e the data of existing small turbines. This puts the compressor-turbine 2.5 points below the level 
achieved by some of the small turbines used in the correlation. It was assumed that final design adjust- 
ments with the nozzle and rotor would permit the turbine to achieve the intended goal. Development 
time was not available for adjustments such as stagger d . iges or blade shape changes for optimum 
incidence angle. It was further assumed that the running clearance could be reduced in half through the 
use of ceramic shrouds. The build clearance is 2% of the blade height. A reduction in clearance of one- 
half would increase efficiency by 2 points This gives a value of turbine efficiency which is 1 point 
better than the goal for the Upgraded Engine turbine. To evaluate the fuel economy potential for the 
Upgraded Engine, therefore, the variation of compressor-turbine efficiency along the operating line 
was assumed to be 1 point better than the target values of the Upgraded Engine. The compressor- 
turbine efficiency variation along the ops.rating line is shown in Figure 1. 

Based on engine data, the efficiency of the power turbine is 4 points below goal. It was assumed that the 
original goal could be met with development work such as blade stagger changes or other mod nions 

to optimize reaction and incidence ingle. It was further assumed that the running clearance could be 
reduced with the use of ceramic shroud material and that efficiency would increase by 2 points There- 
fore, for the evaluation of the fuel economy potential of the Upgraded Engine, the variation of power 
turbine efficiency along the operating line was assumed to be 2 points better than ^he target values of 
the Upgraded Engine. The power turbine efficiency variation along the operating line is shown in Figure 
1 , 

Engine heat and flow losses, pressure drops, and power parasitic losses were maintained at the absolute 
levels of the Upgraded Engine, even though the engine size would be smaller. This assumed th A ihere 
would be minor, if any, change with engine scaling. 
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3.7 

Results 


The scheduling of the component efficiencies and the TIT shown in Figure 1 and the use of the parasitic 
losses of the Upgraded Engine, as described above, were used to compute engine power and BSFC from 
50% to 100% speed. The engine charcteristic was combined with the performance of a 3-speed auto- 
matic transmission with a lockup torque converter (1-2 upshift). The vehicle description and duty- 
cycle characteristics are detailed in Appendix A. 

The resultant vehicular fuel economy for the combined drive cycle is 20.4 mpg. This is 13% below the 
value of 23.5 mpg, which was specified as the goal of the study. Consequently, alternate engine cycles 
(higher pressure ratio and TIT) and powertrain designs (single-shaft and 3-shaft) were investigated ‘ 
achieve the fuel economy goal. 


4,0 This section describes the advanced powertrain concepts that were considered and the method of final 

ADVANCED concept selection. The concepts consisted of single-shaft, two-shaft, and three-shaft engine 

POWERTRAIN configurations with appropriate transmissions. Each engine had more than one possible type of 

CONCEPTS turbomachinery configuration. Figure 2 shows a schematic presentation of the basic engine concepts 

and shaft arrangements considered in the alternate powertrain study. 

The left-hand column of Figure 2 shows the conventional two-shaft engine with a free power turbine. 
Variable inlet guide vanes (VIGV) are employed at the compressor inlet to augment engine power at 
design speed and to provide load-control at 50% speed. Variable power turbine nozzles are used to 
establish high inlet temperatures at off-design conditions through variable work extraction. The com- 
pressor could have one or two stages. One stage was considered for pressure ratios up to and including 
5:1; two stages were considered for pressure ratios greater than 5:1. The compressor- turbine could have 
one or two stages, depending on the trade-off on the level of compressor work and turbine efficiency. 
The power turbine might have one or two stages, depending on the cycle pressure ratio and the desire 
for good turbine efficiency. 

The next concept in the left-hand column of Figure 2 is a two-shaft engine with the power turbine 
placed before the compressor-turbine. This powertrain arrangement permits the turbomachinery to be 
supported by a single structure. This offered potential savings in size and cost relative to the 
conventional two-shaft engine. The variable nozzles on this concept are on the compressor-turbine. 

The last concept in the left-hand column Figure 2 shows a two-shaft engine with a mechanical 
interconnection. Power transfer through the interconnecting shafts was investigated as an alternative to 
variable power turbine nozzles for possible efficiency improvement with the absence of nozzle clear- 
ance loss. 

The middle column of Figure 2 shows single-shaft engine concepts. The compressor would have one or 
two stages depending on cycle pressure ratio, as stated above. The turbine could be a single-stage radial 
turbine or a two- or three-stage axia* turbine, depending on cycle pressure ratio and turbine efficiency 
levels associated with the values of work required at high cycle pressure ratios. The engine power 
would be augmented at design speed and regulated at 50% speed by variable inlet guide vanes. The 
powertrain would require a continuously variable transmission. 

Three arrangements of three-shaft engines w’ere possible, as shown in the right-hand column of Figure 
2. The first concept shows a version of the conventional two-shaft engine in which the gas generator is a 
twin-spool arrangement. This eliminated the need for variable inlet guide vanes, provided the potential 
for slightly higher cycle pressure ratio at off-design speeds (than a single-shaft gas generator), and 
allowed potentially highe* off-design cycle temperature due to potentially higher surge margin Com- 
pressor efficiency was expected to be higher because of the absence of the variable inlet guide vanes. In 
the alternate arrangement shown in the middle of the right-hand column, the inner spool could be 
directly coupled to the power turbine, thus eliminating the variable power turbine nozzles. However, as 
with the single-shaft engine, this arrangement would require a continuously variable transmission 

Lastly, a three-shaft arrangement, like that described in Reference 2, was examined. This arrangement 
requires variable inlet guide vanes and power turbine nozzles, but it has potentially hig,."r turbine effi- 
ciency since the work is distributed among three stages. It also eliminates the torque-cc nverter heat loss 
of the automatic transmission. The rotative speeds of the three shafts are linked together through a 
planetary gear set. In this arrangement, an auxiliary turbine assists the compressor-turbine and the 
power turbine. The latter is brought to a complete stop when the vehicle is stopped At idle operation, 
the accessories are driven off the auxiliary turbine, which drives at a much more efficient rotational 
speed than the power turbine ot the two-shaft engine. Because torque is supplied by two turbines, the 
vehicle acceleration normally expected from the two-shaft engine is retained and may even be better 

These concepts were reviewed for their potential fuel economy, ror practicality in automotive mass 
production, for potential turbine stress levels, and for expected production cost. The final selection was 
determined from (1) a cycle study from which the design pressure ratio was selected, (2) a screening 
analysis which was used to eliminate some concepts based on preliminary evaluations, and (3) a 
detailed performance review from which the final selection was made. 



The cycle study was used to determine the design^point pressure ratio best suited to achieve optimum 
fuel economy. It was expected that this would not necessarily be the only criterion for the pressure ratio 
selection. Other considerations, such as engine response, complexity, and cost, would also influence the 
selection of design pressure ratio. To simplify the calculations, cycle analyses were carried out for 
single>shaft and two-shaft engines only. The operating lines were based on constant regenerator inlet 
temperature, and the thermodynamic conditions along the operating line were estimated from previous 
operating lines determined from compressor and turbine performance matching. 

In the second part of the study, a screening analysis was carried out for the various powertrain designs 
described above at a design-point pressure ratio selected from the cycle study. Differing from the cycle 
study, the evaluation was based on assumed operating lines with constant power turbine (second-stage 
turbine) inlet temperature for the multi-shaft engines and an equivalent operating line for the single- 
shaft engine. Also considered in the evaluation were preliminary estimates of mechanical complexity. 
Performance estimates showed that four concepts merited a detailed performance review: a single- shaft 
engine, a two-shaft engine, and two three-shaft ' gines. 

The third part of the advanced engine study evaluated these four concepts in more detail. The operating 
lines were based on maintaining constant turbine inlet temperature until surge or material thermal 
limits were reached. Performance estimates were made for the components, and in contrast to the cycle 
studies and the screening analysis, the operating lines were computed from component matching calcu- 
lations. In addition, estimates were made for turbine rotor stress levels and expected production costs. 
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To determine the range ot design-point pressure ratio at optimum fueS economy « it was necessary to use 
the entire engine operating line, since as shown in Fig 3 the majority of the automotive duty cycle is 
spent between 50% and 70% speeds. The analytical approach to the cycle study was to use an operating 
line model with scheduled values of mass flow, pressure ratio, TIT and component efficiencies made 
from dimensionless models of available engine operating lines. Off -design operating line values were 
adjusted as design-point conditions were varied. The design values of pressure ratio and TIT were var- 
ied to determine the pressure ratio and TIT combination that yields optimum fuel economy when the 
engine is matched to an appropriate transmission. The turbine inlet temperature schedule of these oper- 
ating lines were determined by holding a constant value of power turbine exit (or regenerator inlet) 
temperature. 

The pressure ratio range covered was from 4.2:1 to 10.1. Calculations were performed at maximum 
cycle temperatures of 135C*C and 10S2XI. The higher value was selected as the anticipated limit for the 
structural strength of ceramic material. The lower value provided the contrast in levels of fuel economy 
for the limits of material properties of superalloys currently in practice and used for uncooled turbines 

Estimates were made for the variation of component efficiency with design pressure ratio. The variation 
cf efficiency with gas generator speed was modeled after the component efficiency schedules used for 
the Upgraded Engine. However, the peak efficiency of a given component was adjusted to match 
changes in efficiency due to aerodynamic influences, such as specific speed or work coefficient, as 
pressure ratio increases. The other values of efficiency along the operating line were also adjusted to 
maintain the same variation of efficiency with speed. 

The variation of peak compressor efficiency was based on a correlation of polytropic efficiency versus 
specific speed (taken from Reference 3). In the definition of specific speed of this reference, the volume 
flow is represented by the square root of the product of the compressor inlet and exit volume flow rates; 
and the compressor input head is used instead of the output head. 

Figure 4 shoves the correlation taken from Reference 3 with data points added from automotive-type 
compressors. Most of the efficiencies are based on total -total pressure ratio. The Chrysler data is based 
on exit-static/inlet -total pressure ratio. However, for these data points, the difference between the 
total-total and static-total efficiency values is w*ithin 0.5 point. A line is shown in the data band for an 
upper limit for compressors with values of pressure ratio equal to or greater than 4:1. The upper lire of 
the data band in Figure 4 is defined to be a line that identifies efficiency levels that are expected to be 
achieved on compressors with extensive development effort. The lower line of the data band defines 
efficiency levels that are expected to be achieved with minimum development effort, such as. diffuser 
vane stagger changes, rotor leading edge cut-back and minor redesign. 

Note that the Chrysler compressors have the lowest specitic speed, N$, of all the automotive ty^pes 
and also of all aerospace types, except for three compressors designed for pressure ratios betw^een 
9:1 and 10:1. It was decided to raise the specific speed from 46 to ^ for the Improved Gas Turbine 
design. Using the lower line on the data band, the polytropic efficiency increases from 0.825 to 
0.84. This corresponds to a change in adiabatic efficiency from 0.78 to 0.80 at 4:1 pressure ratio and 
from 0.79 to 0.81 at 3:1 pressure ratio. The latter is the point of peak efficiency on a 4:1 
pressure-ratio automotive compressor. 

To obtain efficiency estimates at higher pressure rations, the efficiency level at a specific 
speed corresponding to 8:1 pressure ratio w^as reviewed. The change in work alone low^ers the 
value of Ns from 58 to 40. The lower-band level of polytropic efficiency is 0.81, which corres- 
ponds to an adiabatic efficiency of 0.73. Figure 5 shows the 4:1 and 8:1 pressure- ratio points 
on a plot of adiabatic efficiency versus pressure ratio for constant values of polytropic efficiency. 
These points are shown on a line identified as "minimum development effort". It was assumed 
that polytropic efficiency would not change up to 4:1 pressure ratio. Beyond 4:1, it was assumed 
the efficiency would fall off, as shown by the straight line joining the 4:1 and 8:1 pressure ratio 
points. The same logic was applied to the upper level of the data band of Figure 4, and the result is 
identified as the "maximum development effort" in Figure 5. The lines were then extended to 10:1 
pressure ratio for the cycle study. Also included is a line identified as "current level". This line 
is the result of applying the same logic to the lower-level line in Figure 4, but with the use of 
Ns = 48 as the 4:1 pressure- ratio reference. 
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Fi^re 5 also identifies maximum*' and "minimum" development levels for two-sta^ centnfugal 
compressors. It was assumed :n the cycle study that two-stage compressors would be considered for 
pressure ratios >6:1. This would give the best possible levels of compressor efficiency for the cycle 
study. The position was taken that, if the results showed best fuel economy at a pressure ratio less than 
6; I, the study could iH>t be taulted for assuming unreasimably low values of efficiency aitd, 
consequently, being biased against the pi^ssibility ot using a two-stage compressor on cost alone 

A check was made on the possible effect of Reynolds Number on overall efficiency. Figure o shows a 
plot of overall compressor loss versus Reynolds Number taken from Reference 4 Shown on the figure is 
the range of Reynolds Number that was expected to be covered in the study As shown on the figure, no 
increase in overall loss was exr»ected. due to viscous effects. 

A final check on the effect of si/e was made with data presented in Reference 5 Figure 7. taken from 
Reference 5. shows the variation of efficiency with pressure ratio as a function of flow si/e Sample 
checks with a compressor performance-estimating computer pmgram with self contained loss models 
showed that estimated efficiencies would be consistent with this plot 

Estimates of axial turbine efficiency were taken from a correlatic>n of total -total efficiency with work 
coefficient as shown in Figure d. Data on thij* plot were taken from turbines with pressure ratios from 
2.0.1 to and with blade heights from 0.5o to 2 cm. It was felt that this presentation (from 11 
turbines) represented the efficiency levels expected to be achieved from the small, highwork turbines 
expected in the engine study. All the points on or within the data band are from turbines with blade 
heights from 0.56 to 2 77 cm. 

The majority the data fits within the lines shown on the plot The 3 pi>ints below the lower line were 
not included in the band, because higher values of efficiency existed for data points inside the band for 
turbines of comparable blade b 'tghts and aspei t ratios The 2 points above the band came from a 
supersonic turbine for a pressure ratio 3 1. These pvunts were not considered in the definition of the 

upper line, since they were not typical of the majority of the data 

In the cycle study, it was assumed metal turbine rotors would be designed for a work cwfficienl of 
2.0 and ceramic n>tors for a value of 1.5. The upper line of the data band give efficiency values of 
0.835 and 0.862 for values of work coefficient of 2.0 and 1.5 rc*spcKtively. Efficiency values of 0.545 
and 0.882 were used in the cycle study in anticipation of better clearance control with cvramic 
shrouds. 

In the powertrain screening analysis, preliminary tlowpath< were determincxi frc»m calculations for 
mean -radius vex lor diagrams The variation ot efficiency with work ciH'fficiont was taken from the 
dashed line on Figure 8 It was .assumed that the stiidv should reflect values ot efficiency that could be 
.Khieved with component devt'lopnionl w ithin the time pcruxl sptx ifitxi in the study Plaving the dash- 
ed line 1 point below the upper line of the data band providtxl a small amount of conservatism in the 
fuel economy estimates 

In the cycle study, the power turbine pt'ak efliiiency was assumed tv> range K'twoen 0 765 and 0 815 
The lower value was assumed for a single-stage turbine, and the higher value was assumed fiH a two- 
stage turbine Fhese etficiencios are total-static values and include losses for inlers* 'go ducts and 
exhaust diffusers Efficiency w\is not varied .is a function of design pressure ratio, because it was 
assumed that the work coefficient of pc'wer turbines would be hot ween I 0 and I 2, consequent! , 
power turbine efficiency would be independent of design pressure ratio, fhese were estimates that 
V oil Id be confirmed or altered as needed in the pi^W'ertrain screening analysis through the use of the loss 
model in Figure 8 and mean -radius vector dt.igram calculations 

Estimates lor radial turbine efficiency were taken from specific speed data trc'tni Rotereiue 6 Figure ^ 
WMs taken from this reference, and the expoited range of specific speed is indicated on the total static 
efficiency plot For conservatism in the evde study, it was assumed t* ' efficiomv would not exceed 
0 88 or be lower than 0 85 In the final engine study, a more detailed check was made on a vector - 
diagram computer program with self-contained loss models 
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Ihc upper level was assunuxl to represent the ettuieiuv that rxouUI K* .uhK'Xi'vl with extensive 
development work, and the lower leve* was assumed tor nnniinum development etlort Sitiie the etti- 
t lem V diH*s not i hange ovei the expei ted range v't spex ilu speed, radial turbine elt n leiu v was not made 
a turn turn a design pressure ratio 

CVonbustor etikiem v varied f rom 0 at speed ot 0 at design sp^Hxl I his variation xvas used 
in all vwle laU illations and %\as independent ot design piessure » »tio It i’. ms.t'NN^nv to aihiexe ihesi' 
values in order to meet emission requirements .A number ot vombust«>t vXMittgurations lan nuet thcst* 
londittons These iivlude lO a lean, premixed, prevapmu'ed iombusloi ivith torih ignitor a 
catalytu vombusUn. and t.'l a variable gexmietry xombustor C'onsex|uentlv the ettuieiu v \alue> umxI 
in the calculations were luq dependent up^m a p.irti^ular combustor tvp«' 

.A rvgx'oeratixr was seUvted hv the alternate engine study. The jH'rtomwiKV charai'h'nstics i>l a 
iecu|xerahir were not included in tlu* study, because the bulk normally requirexl txx achieve high 
values ettcctiveness and because xW the lack xil published xlata showing \ aim's ot ett wtiveiH'ss as 
high as thxxse x>t a regeneratxxr. The vaKH*s regx'neraUir elUvtiveness usexi in the study wx'n' 
taken innn the perfiutnaiKV characten/atum x>t tlw l^pgravled Engine, l-ntil x'ngine lavxntts cxHiki 
bx' made with the seli>.it\l ixxwertrain. it xXHtld mit be establishx'd that lower valiu's x't tknv unit 
aixM (and thus highx'r vahu's x5 i'ttxvtivem*ss> cinild K' empkwx'd. 

The pressure -dfx>p tuu lions xU engine xxmipxmx'nts. such av air tillx'r rx'gx'iu'iator vombustor. and 
exhaust xluxt were varievl as a lutulu>n x't engine* spxHxl but xverx* indepx'iident x>t vlesign pressure ratio 
and tlxnv si/e llie llxnvpalh ixmiplexities at ihx' engine itiUke and exhaust were asNunud tx' rx'tnain 
unchangext xvith engine si-'e The pressuie drx>ps tx'r the ri*generaloi aiivl i ombustx'i x\ eie xletei nuiuxl b\ 
tuel exx>!U^mv anvl emissu>n rxxtuirements anxt xvere assitmevi Ix-j Iv mdx'pt'nxlenl o\ engine tlxnx sue anxi 
piessure ratu> 

I he hxMl le.iks aiul tUnv leaks were assunix'xl tx> have the s.ii«e \ allies as thx'se x'l the I •pgi.idx’xl Engine 
I he design masstUnv txn the Upgiaxlexi Engine is I I os m\ .iihI it was assunuxl that the UmEs wxuilxl 
luq X hange beknx this value x't xlx'sign masstUnx 1 he assumptuui ir. basixl x'li the ratu'iiali.Mtu'n that the 
maixM sxniixes x>t tU>xv leaks are the xvrners xm gaps x>t the x arums mmI x'U'tiuMits thux they xlx' lU't sx ale 
appris lably xxilh the x'ngine si/e Siinilanly, the hxMt leaks are attx'xtxsl bv the hmitxNi uiNuKituMi ^p.we 
axaiKibU' xvith sinalU*r xxMn|HMxents aiixl Ih\ arise engine si/e xixH's rix>t alUnx N^ahng the insutatu>n 
prx'ivilv l he leak p.iths are as sUxuvn x'li Eiguie tx>i tixx' xhati engines ami \>n Eigurx'^ 1 1 and l? Ix'i 
xhe I egenei atx'i 1 he single - shaft x'tiginex xvxm e x harax ten/x\l ivil 'unit the x .n labU* liii bine nx’/.*1e x ant's 
I he leak paths are similar Ix^ llu'se x^t the ga> gx'iieialx'r x't !he txxx' shalt engine the leak paths aix'iinxl 
the fH'xxei turbine aie nx'nx'xistx'iU 

I he iH'xxei lextitiieinenls ix'i tlu' high sjH't'xl InMungs the tegenetalx'i xiiixe the xmI punr' and the 
altxnnatx't drixe xxeie vjvxihx'xl t%' Iv ulentual x\iih the lextiiiix'inents tx'i the same x om|\'nent'‘ x»l the 
l-pgiaxlx'xl Engine It was assunu'xl that these rx'quirements xxxniUl be iiule|vndent x't xh'sign piessiiie 
latix'aiXxl tlx'xv size tx'r mass tlx'xxs Ivlx'xv I .'lbs sex^tK'ix tale Eoi thetxxx' Nhatt engine', paia^itu {Vixer 
X aru\l tix'in ^ hp tx> spt'txl tx> lx' S lip at xiestgn sptH'xl Ex't the "ingle "halt engine" pai.wUu px'xx ei 
xaiu'xl tfx'm ' hp at >0‘V "jvt'xl tx' t' hp at xle"ign "pex'xl I hx' lexhutioii in px'xxei uspiuemenls x\.w 
line lx' the iHMrmg anangements selex tx'xl Ix'i eaxh engine 1 he t\\x' "halt engine luxl an oil ihiiwt beat 
ing. an x'll ix'urnal iHMiing aiui a gas ix'utnal bearing x'ti tiu' gas genet atx'i "hatt and an x'll tlu list bearing 
anxl twx' x'll ix'iirnal beaiings x'li the rt'xhixtu'ii geai pinu'n "halt I he "ingle shaft engine h.xd ga" tlmisi 
anxl tx'riinal bearings x'n the engine >-h.'H aiul x'll tlmwt aiul ix'umal bearings x'n the lOxhu lu'n geai pinu'ii 
shaft The single shaft engine iist'xl a sinallei x'll pump "itxxe x'll x\as x'nlv neoxiexl tx'i the lexhix Mx'ii geai 
I'eanngs 

I he twx' shaft engine xv.w tx'inbiiu'xl xvith a ihiee spx'exl aulx'in.itu tiansnussu'n with K'xkup tx'ixpie 
X x'll ver lei Alternate li.iiismissU'n xx'nxepts. sru h as the xx'ntiniu'ustv xaiiable traiwinissUMi {< V I » x't 
ter little tuel exx'iix'inv axiv.intage "inxe the twx' shaft engine i" lelatixelv iii"eii"iti\e to nu'xleiate 
engine tx> xehule "peexl tatu' ihaiiges I he tuel xx'nsumplu'ii at a gixt-n x'utput lex el is lu't "in'iiglx 
xlepeiuient iipx'ii the px'wei tuibino x'utput sfH'ed at ix'tational "px'eds neai inaxiniuni etlixieiuv 
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The single-shaft engine was combined with a continuously variable transmission. One type that was 
chosen for powertrain analysis was the traction type with regenerative torque feedback and a positive 
neutral position. The mechanical configurations of the drive for this type of CVT are shown in Figures 
13 and 14. The transmission features are illustrated schematically in Figure 15. The transmission effi- 
ciency characteristics are shown on Figure 16. An additional gear ratio was added to the transmission to 
extend the range of high transmission efficiency availability. 

The second type of CVT powertrain analyzed was the hydromcchanical type. The basic mechanical 
configuration and operation are illustrated in Figures 17. 18. and 1<>. The performance characteristics of 
2 configurations were used in the study. Figure 20 shows the Orshansky CVT configuration; the 
performance cur\»es are shown in Figures 2 1 to 24 The other configuration was a Sundstrand CVT. The 
performance characteristics are shown in Figure 25. 

The third CVT considered * 's the belt drive type. The mechanical description is illustrated in Figure 
2o. A fourth type is the chain drive as illustrated in Figures 27 and 28, but vehicle performance with this 
type was not calculated. Figure 29 shows the performance characteristics of all CVT types used in the 
study. A comparison of powertrain performance with the CVT versus disenMe gear changes was also 
made. The engine/ vehicle matching characteristics for a ten-speed gear set arc shown in Figure 30, 

Maximum power was 75 kw (100 hp) with full VIGV^ augmentation Design -point calculations were 
carried out at 68 kw (^1 hp) in the unaugmented mode engine operation at design speed. Fuel flow rate 
at idle power was computed with thermodynamic conditions established with a preswirl value of -f48* 
at 50% speed. The study goal was to achieve a composite fuel economy of 23.5 miles per gallon. 

The variation of vehicle fuel economy with design pressure ratio is shown in Figure 31 for the two -shaft 
engine. Results are shown for design-point temperatures of 1052*C and 1350*C and for turbine effi- 
ciency values associated with ceramic turbines (work coefficient = 1.5) and maximum turbine 
development effort. The upper line of each design temperature set represents the results of calculations 
performed with efficiency values for one- or two-stage centrifugal compressors with maximum 
development effort. Single-stage efficiencies were used at pscssure ratios less than or equal to 5:1, and 
two-stage efficiencies were used for pressure ratios greater than 5.1. The lower line of each set 
represents the results c>f calculations performed with efficiency values for single-stage roi..^.essors 
with minimum development effort. 

As the plot sho%vs, it was not possible to achieve the goal fuel €^conomy with maximum development 
effort. The turbine inlet temperature schedule along the operating line was determined by specifying 
constant power turbine exit temperature. In the next part of the study (screening analysis), calculations 
considered the use of constant power turbine inlet temperature. 

The variation v»f vehicle fuel economy with design pressure ratio is shown in Figure 32. Results are 
shown for design-pi>int temperature sets of 1052*C and 1350*'C The lower -temperature set represents 
results of calculate »ns performed with turbine efficiency values obtained with minimum development 
effort. The upper line on this set represents the results of calculations performed with efficiency values 
for one- or two-'-.agi centrifugal compressors with maximum development effort. The lower line 
represents the res ills v>: calculations performed w^ith efficiency values for single-stage compressois 
with minimum de' eloj'rc.i'; t. The higher- temperature sets represent results of calculations performed 
with .^ficiency val jos trom maximum (upper set) and minimum (loiver set) compressor development 
efforts. The upper lino of each set represents the results of calculations performed with eftuiency 
values for radial tu bines with maximum development effort. The K^woi lines represent the results of 
call Illations perfor nod with efficiency values for radial turbines with minimum development effort 

The maximum vah.es of fuel ovonomy are significantly abc^ve the giMl value As the plot shows, the i uel 
cHTonorr^ maximi/os K'tween 4 2 1 and 5.5.1 pressure ratios in a range of development effort between 
minimum effv^rt for single-stage compressiirs and maximum effort for two -stage compressors. The 
arithmetic average of the two upper curves shows a maximum value of fuel economy to occur at 5 1 
pressure ratio. The gain in fuel economy over the value of 4 2- 1 pressure is aKnit one- fourth mile per 
gallon. It was jud^;ed that this difference might be significantly reduced due to the add^ acceleration 
fuel required for the higher -inertia shaft of the higher pressure ratio cycle It was also jucigiHJ that the 
structural requirements for the ceramic turbine would be eased with the lower pressui ' ratio 
Consequently, the design pressure ratio of 4 2:1 was selected 
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This section discusses the screening analysis for the advanced powertrain concepts presented in Section 
4.0. The engine design conditions for the study were 75 kw (100 hp) with VIGV augmentation and 63 
kw » hp) without augmentation. The goal was to achieve a value of 23.5 mpg in combined fuel econo- 
my with a 3500-lb vehicle. Design pressure ratio was 4.2:1. and design TIT was 1550*C« with two excep- 
tions. The two-shaft engine was also evaluated at 6:1 pressure ratio and 1350*C TIT. and the two-shaft 
engine with interconnection was evaluated at 4.2:1 pressure ratio but 1150*C TIT. The analysis 
consisted of reviews of the Rowpaths. of the mechanical designs, and of the performance estinutes of 
the various concepts. From the screening analysis, four concepts were selected for more detailed exam- 
ination of powertrain performance and mechanical design. 

In the screening analysis, the turbine inlet temperature schedule of the two-shaft engine was revised as 
a step toward trying to get the fuel economy of this powertrain to be equal to the goal. The revised 
schedule was based on holding a constant value of power turbine inlet temperature, in contrast to hold- 
ing constant turbine exit temperature as was specified in the cycle study. The results are shown in 
Figure 33 aiui show that the goal is just barely achieved for the two-shaft engirte at 6.T pressure ratio. 
All the concepts outlined in Section 4.0 were evaluated at 4.2:1 pressure ratio in the screening analysis, 
but a preliminary evaluation was also made at 6.1 pressure for the two-shaft engine. 

The turbine section was the principal area reviewed in the screening analysis. Except for the twin-spool 
gas generator of one of the three-shaft engines, the compressor did not have any usual impact on the 
engine design. The use of ceramic material for the axial turbines provided an opportunity for designing 
compressor-turbines with lower values of work coefficient than would be allowed with the use of 
superalloys, coupled with the requirement for values of polar moment of inertia that would be 
consistent with desired engine response time. A number of flowpaths were examined to evaluate the 
impact of the configuration of the ceramic turbine stages on the mechanical design of such items as the 
engine housing, the shaft an 3ingement. the bearing supports, etc. 

The assumptions used in the Rowpath calculations were: 

1. Maximum material strength of 230 MPa. independent of temperature up to 1350*C. 

2. Mean-radius nozzle exit angle ^ 74*. 

3. Efficiency set by dashed line in Figure 3. 

4. Best compromise between compressor and turbine efficiencies. 

5. Last -stage exit Mach No. ^ 0.4. 

6. Exhaust diffusers area ratio ^ 2.5. 

7. r 4 *ial work for two- or three-stage turbines on the same shaft. 

3 Zero exit swirl from ea«.h stage. 

9 . Blade heights equal to or greater than 1.25 cm. 

The nuterial strength wras modeled after data shown in Reference 7. which showed, in Figure 3 of the 
reference, flexural strength varying linearly from 450 MPa to 520 MPa from 0*C to 1700*C. 
respectively. A design level of 280 MPa was selected on the basis of choosing a design margin of 1.8 at 
1350*C. This was a tentative specification until more detailed stress analysis was carried out later in the 
engine study. 

Flow '..ths of the two-shaft engines with variable power turbine nozzles are shown in Figuro 34. The 
V<ign pressure ratio is 6:1; the compressor would be a twro-slage centrifugal compressor. The figure 
..nows flowpaths with the power- turbine stages placed first and second in the shafting .irrangenient, 

Included on the figure are the values of work coefficients arrived at to satisfy the conditions outlined 
above and for a minimum flowpath hub dimension of 2.5 cm This was the smallest dimension allowed 
for the space anticipated for bearing and insulating material. A blade taper ratio of 1.6 was used Uu the 
stress calvulatirn. and a blade root area was estimated from an existing turbine. The root stresses are 
indicated ^bove the flowpath. With two-stage turbines, all values are less than the maximum of 280 
MP' allowed. 

The bottom of Figure 35 shows results with single-stage turbines for the case with the power turbine 
first It w'as necessary to increase rotational speed 40% (relative to the 2- stage turbines of Figure 34) to 
have similar values of work coefficient and hub radius. Consequently, blade root stresses were about 
doubled, and efficiencies dropped 1.5 points. 
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If the cycle pressure ratio were 4.2:l« Figure 35 shows that the stresses reduce slightly, but efficiency 
increases about 2 points or more. Furthermore, the ftowpath shows more room available for bearings 
and insulation Consequently, for axial turbines, the design pressure ratio of 4.2:1 shows a simpler and 
more promising mechanical design than that for the design pressure ratio of 6:1. The fuel economy 
difference shown in Figure 33 for the two pressure ratios could be reduced if the heat loss can be 
reduced at 4.2:1 pressure ratio and increased at 6:1. 

The flowpaths for a single-shaft engine with a two- stage and a three-stage axial turbine are shown in 
Figure 36, for a cycle pressure ratio of 4.2:1. There is no difference in efficiency between two and three 
stages, because of the work coefficient selections, but the blade root stresses are lower for the three- 
stage turbine. The mechanical design would be encumbered with small available space for bearings and 
insulation, similar to the two-shaft engine. 

Only the three-shaft engine with the twin-spool gas generator was selected for review, since it showed 
more potential complexity than the other arrangement shown at the bottom of the right-hand column 
of Figure 2. The compressor flowpath is shown on Figure 37. The mechanical design of the compressor 
is complicated by the cross-over duct diffuser, and the engine response would have to be evaluated for 
the higher inertia of two rotors. 

The turbine flowpath is shown in Figure 38. The overall total -static efficiency would be comparable to 
the efficiency of the three-stage turbine of the single-shaft engine in Figure 36, if it were not for the 
nozzle clearance loss. The clearance loss for all variable power turbine nozzles shown in this section is 
assumed to be 2 points. The blade root stress levels are much lower than those fc* ^he single-shaft 
engine. This is a result of being able to lower rotational speed due to the specific spei , changes of the 
individual stages of the two-stage compressor in contrast to the specific speed of the single-stage com- 
pressor. The mechanical problem for this concept is the design of a bearing in the high -temperature area 
between the second and third stages to support the outer spool. This was examined in detail and is 
discussed below. 

Studies of a number of engine concepts and arrangements were made to evaluate and compare mechan- 
ical features Preliminary layouts were made of several engines selected as being representative of typi- 
cal arrangements. For the two-shaft engine, a layout was made to evaluate turbine interconnection as an 
alternative to variable power turbine nozzles. However, certain mechanical design problems are 
discussed that are applicable to any two-shaft engine. The three-shaft engine with the twin-spool gas 
generate^ was evaluated as being typical of three-shaft engines. However, some of the problems with 
the turbine complexity would be typical of any three-stage assembly, whether for a three-shaft engine 
or a single-shaft engine. The mechanical review is concluded with evaluations of concept complexity. 

A layout study of a two-shaft arrangement with a turbine interconnection was made, as shown in Fig- 
ure 39. This engine was designed for 1150*C turbine inlet temperature. This should permit the use of 
advanced RSR superalloys for the turbine rotor. Assuming this metal is developed to its anticipated 
potential strength at the required temperature level, rotors of this material would have less risk for 
engine development than ceramic rotors. However, the small diameter of a 75 kw engine size gives rise 
to a fundamental design problem associated with proximity of the flowpath to the shaft and sub- 
sequent avoidance of excessive bearing and support temperatures. This is particularly true if the rear 
bearing is located forward of the turbine rotor* The forward location of an air bearing also 

1. does not allow space for supporting and piloting a ceramic no/zle, and 

2. would result in high air-bearing loads and questionable life, if a turbine interconnection shaft were 
connected to the tear of the compressor- turbine rotor. 

An alternate air bearing location behind the rotor is also shown in Figure 39 below the engine centerline 
This will allow some space forward of the turbine for piloting the ceramic nozzle and reduce loads from 
the interconnection shaft. It is questionable, however if adequate cooling could be provided to 
maintain reasonable air-bearing temperatures during operation and after shutdown (soakback). 
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An arrangement with the power turbine portioned forward of the compressor-turbine was also I 

; considered. This permits the turbo-machinery to be supported by a tingle structure which offers | 

potential savings in siae and cost relative to a conventional two-shaft engine. However, the small axial ! 

! nozzles and turbine rotors, along with the concentric shafts, will have essentially the same penalty in | 

i complexity and problems with bearing location and/or cooling, as described above. ! 

6JU1 A study layout of a single-shaft engine with a radial turbine and dual-regenerators is shown in Figure 

Single-ShafI 40. The single shaft is supported on an air-lubricated bearing, located between the turbine and the 

Engllie with impeller, and an oil-lubricated bearing forward of the impeller. An air bearing was tentatively selected 

Radial Tiurbine for the rear location, because higher operating temperatures at the bearing are expected with the 

increased cycle temperatures. An air bearing would be better able to tolerate these temperatures than an 
oil-lubricated bearing. A relatively large diameter shaft may also be used with an air bearing for better 
control of critical speeds without an excessive bearing horsepower loss. Additionally, the bearing 
support is simpler, since oil supply and drain lines are not required. An air thrust bearing was located 
t just behind the impeller to provide the best possible control of impeller blade-to-shroud axial clear- 

\ ance. Two oil-lubricated |oumal bearings support the reduction gear pinion to minimize deflection and 

i lesulting gear noise. The pinion is connected to the rotor through a spline to reduce noise transmitted 

I from the pinion to the rotor, which can, in turn, be a source of air-bome noise. The reduction gear 

I pinion is retained axially with a thrust washer. 

t 

! For an arrangement with a single-stage compressor, the turbine nozzle and rotor shrouds are both pilot- 

I ed from the compressor housing and bearing support to maintain good tip-clearance control. The 

shroud piloting details for this radial turbine engine will be discussed further in the next section and 
compared with an axial turbine arrangement. The air intake which is integral with the reduction gear 
housing supports the front rotor bearing. A two-stage gear set will be adequate for reducing rotor speed 
to transmission input speed. The bulkhead -regenerator crossarm section of the housing can be cooled 
with the compressor discharge air. A single-seal ring supported from the bulkhead and seating against 
the ceranuc rotor shroud will minimize leakage past the turbine. 

The single-shaft radial turbine arrangement is shown in more detail in Figure 41. The radial inflow gas 
path and the single-stage turbine rotor provide some latitude in the design of a relatively straight- 
forward support structure for simple turbine rotor shroud and nozzle geometry. The components are 
piloted on the compressor housing through the molybdenum -alloy bolts to the insulator, the pilot ring, 
and the pilot ring support. The insulator can have slotted ears on the inside diameter, which can mate 
with radial pins on the pilot ring to provide piloting between the low-expansion insulator and the metal 
pilot ring. 

The molybdenum-alloy bolts were selected to pilot and retain the nozzle and shrouds in position at 
1350*C inlet temperature. A detailed thermal analy sis considering the geometry and thermal expansion 
of the bolts, shrouds, and related components will be required to assure satisfactory performance of the 
system. Suitable protection against oxidation must also be developed for the molybdenum material. 

The development risks in this area, however, still appear to be considerably less than the risk entailed in 
the development of axial turbomachinery in this size. 

Note that the air bearing and its support, which is integral with the compressor housing, are isolated 
from the flowpath. This reduces the cooling requirement for the bearing significantly. However, the 
relatively large diameter of the flowpath (inlet plenum) for the radial turbine also results in a size and 
weight penalty. This factor was included in the cost evaluations. 

6*2.3 A three-shaft, free-power turbine arrangement is shown in Figure 42, as a representative of multi-stage 

Three-Shaft axial turbines with concentric shafts. Good turbine efficiency is highly dependent on minimizing rotor 

Engine tip clearance. This is especially true for small-size axial stages; this means that to attain predicted engine 

performance, good turbine shroud piloting must be considered a critical factor. Additionally, practical 
automotive turbine engines must be regenerative, implying some measure of engine housing 
asymmetry, whether it be geometrical, thermal, or both. Therefore, maintaining good concentricity 
control between the turbine rotor and its shroud becomes difficult, at best, if the turbine rotor shroud is 
piloted from the control bulkhead section of the engine housing, while the support for the rotor shaft 
bearings is piloted from the front section of the housing. Consequently, one design goal for proposed 
axial turbines was to pilot the t jrbine shroud from the structure supporting the engine shaft. 


A 


15 




6^4 

Concept 

Complexity 

Evaluation 


6.3 

Performance 

Review 


This approach is shown in Fi^re 42. The compressor housing pilots both the bearing support (for the 
inner-spool) and the front pilot ring support for the inner-spool turbine rotor shroud. The rear pilot ring 
support (for the outer-spool turbine rotor shroud) is bolted to the bulkhead and also pilots the rear 
bearing of the outer-spool. The following comments relate to the above arrangement. 

• The cooling requirements of both rear rotor shaft bearings will be critical, because of the close 
proximity of the flowpath to the bearings. The cooling air for the outer-rotor bearing will be a 
leakage past both gas generator turbine rotors. 

• The ceramic nozales, rotor shrouds, and pilot ring are complex and will require extensive machin- 
ing to meet design requirements. Any clearance between the nozzle shroud and pilot ring must be 
considered a leakage. 

• The ceramic front pilot ring support for the nozzles and turbine rotor shroud utilizes struts in place 
of the nozzle vanes for the support structure. This eliminates the usual conduction path from the 
nozzle directly to the bearing area. The struts should also be more reliable as a load bearing struc- 
ture than nozzle vanes. This, however, must be verified with detailed analysis. 

The discussion above on complexity was limited largely to the turbine section of the engine concepts, as 
influenced by the turbomachinery arrangement. The complexity of other portions o/ the engine are also 
influenced by the engine concept and arrangements. This is summarized on Table 3. 

In addition to the other items discussed above, ''Split Nozzles" are listed as a complexity item. This is a 
negative factor for engines with multiple-stage axial turbine rotors on one $h: Assuming the shaft is 

integral with both axial rotors to minimize rotor cost, the nozzle ring must be split diametrically for 
assembly. 

Multiple shafts and spools also increase the manufacturing complexity for gearing and shafting; rotor 
balancing and quality control will be critically important witi a large number of high-speed com- 
ponents. This was considered a significant negative factor for the three-shaft engine, since gear sets 
operating with high-speed shafting will complicate related areas of the engine, require stringent quality 
control, and increase the noise level. 

The complexity in transmission requirements for the various engine concepts must also be included. If 
the standard three-speed transmission with a lockup torque converter used for a two-shaft engine ’ .he 
basis for the comparison, the low-speed gear sets required for the three-shaft engine will be less com- 
plex; however, the gear sets, plus the variable-speed transmission (CVT) for the single-shaft engines, 
will be somewhat more complex. 

In the area of controls, all engine concepts will require VIGV's, except for the engine with the twin- 
spool gas generator. The variable power turbine nozzle, along with an actuator and the related control 
system, are required for all two- andihree-shaft engine concepts. Controls are also needed for the CVT 
required with the single-shaft engine. 

The relative complexities of the single-shaft and three-shaft engines with their transmission systems 
are apparent in the schematics shown in Figure 43 and 44. The three-shaft engine as shown, however, 
requires another reduction gear set for reducing the power turbine shaft speed to a suitable transmission 
input speed. Some of the performance predictions and the required quantities of some of the significant 
mechanical components are listed on Table 4. 

Aerodynamic calculations were performed for the turbines of the two-shaft engines with the power- 
turbine-first arrangement and with the interconnection. Efficiency estimates were obtained from vec- 
tor diagram computer programs with self-contained loss models. The purpose of the calculations was to 
evaluate the prospect of gains or losses in efficiency at off-design conditions, brought about by these 
powertrain arrangements. Estimates were also made of gains in powertrain fuel economy due to 
changes in operating- line efficiency or pressure ratio schedules brought about by the turbomachinery 
concepts in the two three-shaft engine concepts. 
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Turbine blade flow angles were establUhed with dengn-point calculations. Off -design calculations 
were then computed at idle power. Power turbine speed was 20% of design, and compressor-turbine 
speed was 50% of design. Th^ are the off-design percentage changes that occur with the conventional 
two-shaft arrangement. 

With the same turbine inlet temperature (burner exit), as specified for the conventional arrangement, it 
was not possible to have enough flow to obtain the work required of the compressor-turbine. In the 
reversed roles of these turbines, cycle mass flow is determined by the power turbine work requirements 
of output and parasitic powers. This woric level establishes a pressure ratio available to the compressor- 
turbine. The mass flow and pressure ratio may be inconsistent with the performance characteristics of 
the compressor-turbine. 

The characteristics were better matdied by redudng the turbine inlet temperature by 39(fC. As 
temperature is reduced, the available pressure ratio across the compressor-turbine is i^uced and 
mass flow is increased. Wifli a temperature reduetkm of 39CTC, it was still not possible to drive the 
compressor. There was no assurance that cemtinued reduction in temperature would yield the 
work to drive the compressor and parasitic losses, since compressor-turbine effidency was only 
0.53 in contrast to 0.78 for flte conventional arrangement. 

The source of the loss was large rotor inddeiKe angle %vith values up to 44*. This was a result of trying to 
extract the work indicated by the imposed pressure ratio with variable nozzles. The imposed pressure 
ratio was 1.31 in contrast to 1.19 for the standard turbine arrangement. 

It appeared that it might be necessary to increase the gas generator speed to achieve sufficiently 
satisfactory aerothermodynamic conditions to drive the compressor and the parasitic losses. An 
increase in speed and the low compressor-turbine efficiency both lead to reductions in powertrain fuel 
economy compared to the conventional t;vo-shaft arrangement 

Calculations were made to compare the change in power turbine efficiency with a mechanical 
interconnection substituted for variable nozzle vanes. An equivalent power turbine efficiency was 
computed for the interconnected turbine arrangement. Since the interconnection allows output power 
to be supplied by both turbines, the equivalent power turbine efficiency was computed as a work- 
averaged value from the efficiency and output work contributions of the respective turbines. 

Computations were carried out in vector diagram computer programs with self-contained loss models. 
The design -point conditions were identical for both turbine arrangements. Off -design results were 
different because the output power was partially supplied by both turbines in the interconnection ar- 
rangement. The ratio of gas generator speed to power turbine speed at design was 1.19. At 50% speed of 
the gas generator, the ratio was 1.03 for the power turbine with variable nozzles and 1.36 with 
interconnection. 

At 50% speed, the total -total efficiency of the compressor- turbine dropped from 0.80 to 0.79, and the 
total-total efficiency of the power turbine increased from 0.83 to 0.84, with variable nozzles replaced by 
an interconnecting shaft. There was no difference between the original power turbine efficiency or the 
equivalent power turbine efficiency with interconnection. Examination of the aerodynamic losses 
showed that the power turbine blade profile loss increased as much as the nozzle vane loss was reduced 
due to the absence of nozzle clearance space. This occurred because the off-design mass flow increased 
with the increase in compressor-turbine work, and consequently, the power turbine inlet and exit Mach 
numbers increased, which increased the blade profile loss. As a result, there was no performance gain 
achieved with a change in mechanical arrangement from variable nozzles to mechanical 
interconnection. 



The results of the screening analysis show that certain concepts should he eliminated from hirdier 
consideration* but others shouM be examined in more detail. The results are summarized as 
follows. 


SmBmary oi 
Results 


Sittgle^Shafl Engine - The cycle study showed that this concept with the CVT gives the best 
powertrain fuel economy. The flowpath study showed that the turbine efficiency was higher with a 
radial turbine than a three-stage axial turbine. The mechanical design results showed the potential for 
less complexity and flowpath leakage with the radial turbine than with a multi-stage axial turbine. 
Before the final powertrain selection could be made* the stress levels of the radial turbine and the engine 
response time would have to be evaluated for this concept. 

Two-Shaft Engine - The cycle showed that this concept has a powertrain fuel economy that is 12.8% 
mpg less than that of a powertrain with a single-shaft engine. Since fuel economy was improved with a 
higher off-design temperature schedule* further increases would be examined for additional fuel econ- 
omy gain. The impetus for the effort was the fact that this concept is competitive with the powertrain 
with the single-shaft engine with regard to potential turbine stress levels and the availability of the 
three-speed automatic transmissiot Until detailed stress analysis was carried out* it was assumed that 
the high tip speeds of the radial turbine would incur higher blade root and disc stress levels than those 
for the axial turbines of the two-shaft engine. The conventional configuration of the two-shaft engine 
would be used* since the positioning of the power turbine in front of the compressor-turbine or the use 
of interconnection yielded loss of fuel economy. 

Three-Shafl Engine - Preliminary estimates of fuel economy gains were made from assumed changes 
in turbine efficiency and off -design pressure ratio for the two three-shaft configurations. The use of the 
three-shaft engine with interconnected shafting would depend upon the gain in fuel economy due to 
the gain in turbine efficiency and the added parasitic loss of the bearings of the third shaft. It was 
necessary to obtain an accurate operating line to evaluate this. 

The use of the twin -spool gas generator concept would depend on the actual gain in of f -design pressure 
ratio* as well as any increase in off-design temperature due to component matching. This also would 
require calculations to be performed for an accurate operating line. In addition* an estimate would have 
to be made of the response time of the gas generator because of the additional compressor. 

On the basis of this review* four concepts were selected for detailed evaluation of powertrain 
performance and mechanical design. The engines selected were: the single-shaft engine with a radial 
turbine* the two-shaft engine with a free power turbine with variable nozzle vanes* the three-shaft 
engine with interconnected turbine shafts* and the three-shaft engine with a twin-spool gas generator. 
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In this section, performance results are presented for powertrains with the single^shaft* two*shaft, and 
three-shaft engines. Component matching calculations were performed to define operating lines for 
maximum off-design temperature schedules with limitations tiased on a surge margin of 10% and 
maximum regenerator seal temperature of 1150*C. Results of these calculations are presented, together 
with the eiigine performance estimates. Comparison is made of stress levds in ceramir radial and axial 
turbines; in radial turbines, stress levels are compared for rotors with ceramic materials and superalloys. 
A materials review is presanted to support the use of caramic parts, and the results of cost studies are 
shown for the various concepts. A Hnal engine selection is made, and vehicle performance is calculated 
with the powertrain containing the selected engine. Lastly, discussions are presented on the 
transmission control and on a marketing analysis for the selected powertrain concept. 

Performance estimates were made for the compressor and turbine, and an operating line was calculated 
from component performance matching. The resultant engine performance was combined with CVT 
characteristics to calculate the vehicular fuel economy. Results are presented with four types of CVT 
and a geared transmission with ten discrete gear changes. 

Design and off-design performance characteristics for the turbine were determined from a vector dia- 
gram computer program with internal loss models. The compressor performance characteristics were 
scaled from the NASA test-rig results of the compressor for the Upgraded Engine. A scaled performance 
map from an actual automotive compressor was considered to be a better estimate of the surge and 
choke characteristics than computations from a compressor vector diagram computer program. This 
was especially true since the design pressure ratio and rotor backsweep angle would be identical. 

Operating-line caloalations were performed from 50% to 100% speeds in 10% -speed increments. The 
operating-line goal was to maintain the design-point turbine inlet temperature of 1350*C to as low a 
speed as possible until the regenerator inlet temperature reached 1150*C. The turbine temperature was 
reduced at speeds below this point, and the regenerator inlet temperature was held constant. Another 
limitation was that there should be at least 10% surge margin defined as: 


where: W - Compressor mass flow, Ibs/sec 

P - Pressure, Ibs/sq. in. 


subscripts: 1 - Compressor inlet 
2 - Compressor exit 
O.L. - Operating line point 
S - Surge point 


The resulting operating line is shown on Figure 45. The turbine inlet temperature was held constant at 
1350*C from design speed down to and including 70% speed. At 50% and 60% speeds, the regenerator 
inlet temperature was held constant at 1150*C. Plots of operating line parameters are shown in Figure 
46; engine performance for these parameters is shown in Figure 47. 


The vehicular fuel economy was computed with a traction -drive CVT with an assumed efficiency of 
0.85 for the variable- ratio drive (cf Figure 29). The variation of transmission efficiency with vehicle 
speed is shown in Figure 48. The computed fuel economy was 27.0 mpg. This is 15% over the study goal 
of 23.5 mpg. 

Because of the significant margin over the goal fuel economy, additional calculations were carried out to 
determine the powertrain sensitivity to the selected value of design-point turbine inlet temperature and 
to the type of CVT configuration. In these calculations, lower values of the design -point turbine inlet 
temperature were held constant to progressively lower values of off-design speeds. At design tem- 
peratures of 1200*C or less, the part- load turbine inlet temperature could be held constant without 
exceeding the regenerator material temperature limit of 1150*C. 
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The results are plotted in Figure which shows the variation of combined fuel economy with design- 

point turl^ inlet temperature and CVT configuration. The variation of fuel economy with design 
temperature was computed with a traction-drive C VT with a variable-ratio df ive efficiency of 0.85. The 
variation of fuel economy with CVT type was comr ed at a design temperature of 1038*C. The vehicle 
power requirements were reduced from the specify .tion in Appendix A by an average value of 5.3% 
from 20 mph to 50 mph. This represented the projected improvements in vehicle aerodynamics, drive- 
line friction, and rolling resistance. The figure shows that the goal fuel economy can be achieved with a 
single-shaft engine at a design-point temperature a& iow as 950*C with a variety of CVT configurations. 

Another type of transmission investigated was one with ten sets of discrete gear ratios. Calculailons 
with this type of transmission were performed to evaluate the possibility of approaching the character- 
istics of a CVT with a large number of discrete gear changes. The CVT provides engine operation at the 
locus of the minimum BSFC over a given range of engine speeds. Figure 50 shows the variation of BSFC 
with power at various engine speeds for different values of turbine inlet temperature. Included on the 
plot is an operating line with constant outlet temperature. If fixed engine- to- vehicle speed ratios such 
as shown above in Figure 30 are used, the resultant road load BSFC operation is shown in Figure 51. The 
fuel economy Is compared to that of the powertrain with the CVT in Figure 52. The fuel economy loss is 
up to 30% with use of discrete gears. This confirms the need to have a CVT to provide the engine speed 
required for minimum BSFC at the power levels demanded by the vehicle driving requirements. 

Performance estimates were made for the compr^^sor and turbines, and an operating line was calculated 
from component performance matching. The resultant engine performance was combined with the 
performance characteristic of a three-speed automatic transmission with lockup torque converter to 
determine vehicular fuel economy. Vehicle power requirements were those defined in Appendix A. 

Design and off-design performance characteristics for the turbine were determined from vector dia- 
gram computer programs with self-contained loss models. The compressor performance chacteristics 
were scaled from the NASA test-rig results of the compressor for the Upgraded Engine, for the reasons 
stated above. Design pressure ratio was 4.2:1. 

Operating line calculations were performed at 50%, 80% , and 100% speeds. Design -point turbine i^let 
temperature could only be maintained down to 90% speed. At 80% speed, it was necessary to reduce 
the turbine inlet temperature of the two-shaft engine in order to meet the 10% surge-margin 
requirement. With this restraint, the limit of 1150*C for the regenerator inlet temperature was never 
reached. Plots of operating line parameters are shown in Figure 53. Engine performance is plotted iit 
Figure 54. The computed fuel economy is 22.6, or 4% below the goal of the study. The variation of 
transmission efficiency with vehicle speed is shown in Figure 55. 

The difference in fuel economy between the powertrains with the single-shaft and two-shaft engines is 
due to power requirements for the transmission and the accessories, to bearing parasitic losses, and to 
heat and flow leaks. As an example, a comparison of power requirements at idle is shown on Table 5. 
These values typify the differences in power requirements through the engine operating range for the 
two powertrains. One-third of the combined fuel economy is determined by idle fuel flow. Table 6 
shows the variation of turbine flow leakage for the two engines over the engine operating range. The 
higher values of leakage for the two-shaft engine are due to leakage down the stems of the variable 
nozzles, the leakage between stages, and the flow bypassing the power turbine. 

Performance estimates were made for the compressor and turbines, and an operating line was calculated 
from component performance matching. The resultant engine performance was combined with a two- 
speed manual transmission; gear ratios were 2:1 and 1:1. Vehicle powei requirements were those 
defined in Appendix A. A schematic of the turbine arrangement was shown above in Figure 44, 
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The three-shaft engine with interconnecting shafts differs from the two-shaft engine in that the engine 
mass flow is not determined by the work required of the compressor drive turbine. In the single-shaft 
engine, the mass flow is determined by not only the compressor work but also the output, parasr c, and 
accessory-load works. In the three-shaft engine arrangement with inter-connection, the auxiliary 
turbine assists the compressor-turbine and power turbine. Consequently, the work capacity of the 
compressor- turbine is less than the compressor work and the equilibrium running conditions at a given 
ma flow are established by the correct work split between the power turbine and auxiliary turbine. 
This is illustrated schematically in Figure 56, which shows the calculation paths for estimating the equi- 
librium running conditions for each of the engine arrangements. 


Figure 56 A shows the calculation path for the single-shaft engine. The compressor and turbine 
performance characteristics are illustrated in schematic representations of pressure ratio versus mass 
flow and work versus mass flow, respectively. With an assumed compressor flow, the compressor work 
is known. To this is added the required output work and the estimated values of bearing work and 
accessory load; further correction is made for flowpath leaks and the addition of fuel. For equilibrium, 
the total work required of the turbine must be consistent with the flow capacUy of the tuibine at this 
work level. If not, the match point on the compressor map is adjusted until con'^^rg«»nre is achieved. 
Upon convergence, the mass flow of the engine is established at a given engine rott'tiot al >peed. 


Figure 56B shows the calculation path for the two-shaft engine. The performance c^ istics of ihe 
compressor and compressor- turbine are illustrated in the same schematic represc nt. .n,«;ure 56 A. 

The matching calculation proceeds in the identical manner described above except . mtput and 

accessory works are on a second turbine. At off -design speeds, the off-design wo. , ..ed of the 
turbine for the single-shaft engine is a higher fraction of design-point work than is the off-dcr:gn work 
required of the compressor-turbine of the two-shaft engine. As Figures 56A and 56B show, the mass 
flow for the two-shaft engine would be proportionately lower, and, hence, the operating line would be 
closer to the surge line. 


Upon calculation convergence, the mass flow for the power tuibine is established. The pressure ratio is 
also determined, since the exit total pressure from the compressor-turbine is known, and the exit static 
pressure at the exhaust diffuser exit has been estimated from the pressure drops in the tailpipe and 
regenerator core. The variable power turbine nozzle is adjusted until the vector diagram extracts the 
work consistent with the pressure ratio and the efficiency estimated from the computer program loss 
model. In the two-shaft engine, then, two iterations are required. One iteration is the compressor and 
compressor- turbine matching loop; the other is the selection of the correct power turbine no.zle angle 
setting. 

Figure 56C shows the calculation path for the three-shaft engine with interconnectic .. The 
performance characteristics of the compressor and the compressor- turbine are illustrated in the same 
schematic representation as Figure 56A. The power turbine pei ibrmance is represented with a variable 
power turbine nozzle, and the auxiliary turbine has the same representation as the compressor-turbine. 

ompressor mass flow is assumed and sent to the compressor-turbine, along with any 
appropriate flow leaks. This mass flow is insufficient to allow the turbine to drive the compressor 
and absorb the bearing losses of the first shaft. The flow is then passed to the power turbine, and a 
nozzle angle is assumed. The power turbine exit total pressure and the auxiliary turbine back 
pressure (due to regenerator and tailpipe losses) establish the pressure ratio across the auxiliary 
turbine. This pressure ratio may not be consistent with the work capacity of the auxiliary turbine 
and the mass flow. The power turbine nozzle is then varied until the flow and work of the auxiliary 
turbine are consistent. The output work of this turbine is then used (1) to supply the rest of the 
work to drive the compressor and the first-shaft bearing iosse**. ind (2) to drive the accesories and 
absorb the bearing losses of the third shaft. The remaining work is added to the power turbine 
shaft for output power and the bearing powerless of the second shaft. 


In the 3-shaft engine with interconnection, therefore, equilibrium is established by the correct work 
split between the power turbine and auxiliary turbine. At a given speed, the operating line mass flow is, 
therefore, determined by the variable power turbine nozzle angle setting required to obtain equilibrium 
at the given mass flow. 





Figure 57 show9 a comparison of the torque and power characteristics of this 3 ahaft engine type and of 
a 2-shaft free-power- turbine engine. Calculations for the 3>shaft engine were carried out down to 
15,000 rpm and extrapolated to zero speed. The results show more power and toique developed by the 
3-shaft engine at speeds below maximum-power speed. This shows that vehicle acceleration and fuel 
economy should improve with t«..< 3-shaft configuration. 

The reason for the performance improvement is shown in Figure 58. In this figure, the efficiencies of the 
two turbines are plotted against power turbine and auxiliary turbine rotational speedr. The left-hand 
plot shows that, at 15,000 rpm, the power turbine efficiency is 0.38, while of the auxiliary turbine ; ^ 

0.78. Because the latter maintains a high efficiency level and assists the power turbine, more output 
power is available than with the standard free p*. wer turbine. 

The right-hand plot shows the auxiliary turbine is able to maintain a good efficiency level, because the 
speed reduction from peak-efficiency speed is only 36% , while that of the power turbine is 80% . Note 
that the efficiency of the auxiliaty turbine peaks at a lower turbine speed than that of the power 
turbine. This efficiency match-up between the two turbines promotes good low-speed overall turbine 
efficiency. 

Figure 59 shows this to a greater degree at 50% gas-generator- speed conditions. The figure also shows 
the auxiliary turbine efficiency should be about 0.62 at zero speed for the power turbine. This is in 
contrast to a value of about 0.35 for the power tu*-bine of a 2-^uaft engine when eperating at idle. See, 
for example, the power turbine efficiency characteristics in the Upgiaded Engine specifications in the 
Eighteenth Quarterly Report (Reference 9). 

Table 7 compares the total-static turbine efficiencies of the three engine configurations. The overall 
turbine efficiency of the 2-shaft and 3-shaft engines is compared to the radial turbine efficiency of the 
singe-shaft engine. Comparison is made at peak-power points for these engines at 50%, 80% and 100% 
gas generator speeds. The single-shaft and 3-shaft engines have higher turbine efficiencies ;han those 
of the 2-shaft engine. The 3-shaft engine has turbine efficiency higher than that of the single-shaft 
engine at design speed, comparable at 80% speed and lower at 50% cpced. 

If time had permitted, it might have been possible to adjust the design conditions of the turbine for 
3-shaft engine to achieve comparable efficiencies at 100% and 80% speeds to imp’^ove efficiency at 
50% speed. The values on the figure suggest that 50% speed values might only differ by one point. 
Even if they are equal, however, the fuel economy of the single-shaft engine is still potentially better 
because of the reduced number of leakage paths and parasitic losses (two less bearing sets). 

The torque of the 2-shaft engine is doubled by the torque converter. The dual-turbine combination of 
the auxiliary and power turbines preserves this torque multiplication. On Figure 57, the torque ratio for 
the 2-shaft engine is 1.9 (idle-power torque (16,700 rpm) divided by peak-power torque). The torque 
ratio for the 3-shaft engine is 3.8. 

The preservation of the torque-converter torque ratio is a natural result of the auxiliary turbine torque 
characteristic as shown in Figure 58. The auxiliary turbine design speed is 83,333 rpm; at engme design 
speed and zero power turbine speed, it is 33,333 rpm. Extending the torque curve of the right-hand plot 
to zero speed and interpolating, the torque at the lower speed yields a torque Mtio of 1.9. Com- 
putational problems did not permit calculation ^ of zero power turbine speed. Consequently, it was not 
possible to obtain a more accurate value. Time did not permit making computer-code adjustments. 

Nor did time permit extensive exploration of this concept. However, it is clear that higher values of 
torque could be achieve with a lower auxiliary turbine design speed. The gear train ratio selected for the 
study was 2. Further study could be condurted to check performance .it other ratios. 
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The operating lines determined from the component matching calculations were combined with final 
estimates of flow and heat leaks* bearing losses* and accesssory loads to obtain the performance charac* 
(eristics and compare them with the other engine configurations. The flow leaks and total parasitic 
losses are compared on Table S. The flow leaks of the threc'shaft engine are unchanged from those of 
the two-shaft engine. It was assumed that the mechanical arrangement of the three-shaft engine would 
be such that the leakage across the first two stages would be the same as the leakage of the two-shaft 
engine; no leakage was assumed to pass across the auxiliary turbine. However, the parasitic loss of the 
third bearing set was accounted for. 

The performance results are shown in Figure 60. The *op ct Hgure shows the turbine inlet tem- 
perature distributions that resulted from the riutching c«k*jiaHons. The single-shaft engine has the 
lowest BSFC. The BSFC of the two-shaft engine increases at intermediate powers due to lower turbine 
inlet temperature. There is an increase in two-shatt-engine BSFC at all power levels due to lower 
turbine efficiency* bearing losses of a second shaft, the flow leakage past a second turbine seal* and the 
subsequent thermal mix between gas flows at different temperature levels. The BSFC of the three-shaft 
engine would increase still further* due to the bearing loss of the third shaft. However* the increase is 
attenuated by higher turbine efficiency and inlet temperature* provided by better component 
matching. The final result is a slightly higher BSFC for the three-shaft engine than for the two-shaft 
engine 

The plot shows the influence of the load of the third bearing set on the BSFC of the three-shaft engine. 
Without the third set of bearings* ihr 3SFC of the three-shaft engine is lower than that ot the two-shaft 
engine. At 40 horsepower, for instance* the reduction in BSFC is due solely to slightly better turbine 
efficiency (cf. Table 7) and higher turbine inlet temperature. Note also at this power that the BSFC 
difference between single-shaft and three-shaft engines is due solely to added leakage and one more 
bearing set. The combination of these two (approximately 5% more leakage and 19% more parasitic 
loss. Table 8) is twice as effective as a turbine inlet temperature change of 100*F (two-shaft vs. three- 
shaft* same leakage and parasitic loss). 

In conclusion, the improved component matching of the three axial turbine stages achieved the effi- 
ciency of the radial turbine of the single-shaft engine and permitted the use of the same high cycle 
temperature. However* these gains over the two-shaft engine component matching have been negated 
by the additional leak and parasitic losses to the point that the BSFC of the three-shaft engine is no 
better than that of the . vo-shaft engine above one third of design pow'er* and worse at lower power 
levels. Consequently* it must be concluded that* because of inherent losses* multiple-shaft engines can- 
not achieve BSFC as iow as the single-shaft engine^ despite the best component match. 

Vehicular fuel economy was estimated from the BSFC-vs-Power curve of the 3-shaft engine and the 
use of a two-speed manual transmission. The calculation was made from the value of fuel economy 
computed for the 2-shaft engine with adjustments made for the difference in BSFC-vs-Power curves 
and the absence of a torque converter and one gear set for the 3-shaft engine. The combined fuel econo- 
my estimated this way is 23.9 mpg. The 3-shaft engine with interconnection can therefore exceed the 
fuel economy goal of the study by 1.7% . However* to achieve this at a cycle pressure ratio of 4.2:1* the 
design -point turbine inlet temperature must be 1350*C. Consequently* the axial turbines can only be 
made of ceramic materials. 

The other three -shaft arrangement that was reviewed consisted of a twin-spool gas generator and a 
free-power turbine with variable nozzle vanes. This arrangement was reviewed to explore the 
possibility of performance improvement over a standard two-shaft engine with a single-spool gas gen- 
erator. The performance improvement was expected to be due to higher off' design pressure ratio* and 
reduced fuel consumption due to lower idle speed. 

Higher off-design pressure ratio yields lower specific fuel consumption. Preliminary cycle calculations 
showed a reduction in BSFC of 1.3% for 1% increase in 50% speed pressure ratio. It was expected that 
the off -design compressor pressure ratio for the twin -spool compressor would be higher than that of a 
single-stage compressor. The inner-spool speed would be at a proport^nately higher speed than the 
outer spool. Final calculations show^^d, for in.. e* that the inner spool operated at 56% of its design 
speed when the outer spool was at 50% speed. If the compressors were on a single-shaft* the operating 
speed would be 50% speed for both compressors, and a lower pressure ratio would be produced. 
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Additkxal fuel economy might result at idle* With Increased pressure ratio at 50% speed* the increase 
in engine power would requires lower rotational speed at idle power. This would lower idle fuel flow* 
There would* however* he a cost in engine acceleration time. It was hoped that if the outer spool were 
Iowerthan50% speed* theinnerspoolmightbehigherdian5b% 8peed.ln this way* thetimetoacceler* 
ate the outer spool might be made up by a smaller tiire to accelerate the inner spool over a smaller speed 
range. 

Figure 61 shows the calculation path for the twin-spool gas generator combined with a free- power 
turbine with variable iK>zzIe vanes. The performaiKe characteristics of the turbines and compressors are 
illustrated in the same schematic representation as Figure S6B. 

A mass flow is assumed for the compressor of the outer spool at a specified rotational speed. This flow is 
used to perform a match with the second compressor at an assumed rotational speed of the inner spool 
In the cakulatkmal procedure that was used* the compressor work and bearing load determined the 
mass How of the turbine of the inner spool. This mass flow and the exit temperature and pressure of the 
first turbine determine the work of the second turbine. The off -design flow angles relative to the nozzle 
and rotor were assumed to be the design values. If the work of the second turbine did not match flie 
work of the first compressor plus the bearing load of the outer spool* the rotational speed of the inner 
spool was adjusted. The calculations were* then* repeated until work convergence was achieved within 
0.5% . Upon convergence* the mass flow of the first compressor was revised* if it differed frm the mass 
flow of the first turbine by more than 0.5%. 

Upon final calculation convergeiKe for the gas generator* the mass flow for the power turbine is estab- 
lished. The pressure ratio is also determined* since the exit total pressure from the compressor-turbine is 
known; arul the exit static pressure at the exhaust diffuser exit has been estimated from the pressure 
drops in the tailpipe and regenerator core. The variable power turbine nozzle is ad justed until tlw vector 
diagram extracts the work consistent with the pressure ratio and the ef ficieiKy estimated from the com- 
puter program loss model. In the twin-spool engine* therefore* three iterations are required. The first 
iteration is the work -split loop between the two turbines and their respective loads. The second consists 
of the mass flow match up between the first compressor and the first turbine. The final iteration 
involves the selection of the correct power turbine nozzle angle setting. 

The compressor maps used in this study were scaled from References 10 and 11. The values of mass 
flow were scaled to meet the cycle-design flow requirement. The values of pressure ratio were scaled by 
the ratio of (required pressure ratio minus one) to (reference pressure ratio minus one). The scaled maps 
are shown on Figure 62. The engine-operating points are included on the maps. The turbine 
performance characteristics were determined from vector diagram muter programs with self- 
contained loss models. Discrete calculations were performed at the c . mpressor match points rather 
than from the creation of complete performance maps. 
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Other performance parameters are shown on Figure 63 and 64. Figure 63 shows the variation of com- \ 

ponent efficiencies with outer-spool rotational speed. Figure 64 shows the variation of inner-spool 
fpeed and compressor pressure ratio w ith outer-spool speed. Table 9 shows the increase in off -design 
pressure ratio over that of a single-stage compressor. 

Figure 65 shows the power turbine performance at 50% outer-spool speed and at two possible idle- 
point speeds. For the two-shaft engine (with a single-spool gas generator)* idle power is achieved with 
variable inlet guide vanes deployed at +60* vane setting angle* as showvn by the dashed line. This oper- 
ation is nearly simulated by the twin-spool gas generator with an outer-spool speed of 46% and an 
inner-spool speed of 55% As with the two-shaft engine* the idle point is significantly below peak 
power and* hence* peak efficiency. A second possibility would be to reduce the speeds of the two spools 
still further until idle occurs near peak power. This occurs for the twin-spool engine at an outer-spool 
speed of 41 % and an inner-spool speed of 50% . 
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It was felt that the laHer speeds would not yield a practical idle point, because of the significant increase 
in acceleration time. To confirm this, calcubtions were performed to estimate the time to accelerate 
from the lower idle-point speed and from 50 % outer-spool speed. The acceptable increase in response 
was defined to be a time increment no greater than 0.1 second greater than the time to accelerate a two- 
shaft engine. 

The calculation of acceleration time for the twin -spool engine was to be an iterative computation to 
obtain the correct work split at any given time during acceleratioti. To begin with the procedure, the 
calculated acceleration times were based on the unbalanced torques at the steady-state spool -speed 
match points. The results of this initial calculation arc shewn on Table 10. 

The tatde compares the acceleration times of each spool up to the 80% and 100% .»uter-spool speed 
values. Also shown on the table is the time to accelerate a two-shaft engine with a single-spool gas 
generator. The twin-spool acceleration times are sigr ificantly higher than the values for the two-shaft 
engine, except for the outer -spool time from 50% speed. Stnee the inner spool significantly lags the 
outer spool, the inner-spool speed must be lowered and the cakulatton repeated to obtain the correct 
work split at the time the outer spool is at 80% and 100% speeds. 

In the updating of the computations, the acceleration time of the inner spool will increase even more. 
The acceleration time of the outer spool from either idle speed is unacceptable. siiKc the acceleration 
from 50% speed is essentially comparable to the acceleration time of a standard two- shaft engine. In 
fact, the 45% outer-spool speed is about the same speed that the two-shaft engine must have without 
variable inlet guide vanes. Consequently, as with the two-shaft engine, the twin-spool arrangement 
does rot benefit idle fuel economy unless variaMe inlet guide vanes are used 

The study showed that off -design pressure ratio is higher by twin -spooling- but only slightly Without 
variable inlet guide vanes, idle fuel is reduced at a significant cost in acceleration time. A comparison of 
the resultant engine performance estimates is shown in Figure oo. The plot sho%vs little difference in the 
BSFC-Power characteristics due to twin-spooling. The gain in power at intermediate speeds is due to 
the temperature schedule, as well as the pressure ratio incre^ises shown in Table It was possible to 
maintain the schedule used for the single -shaft engine, since there was adequate surge margin provided 
by the twin -spool compressin. 

From the variety' of engine concepts studied above, the turbine arrangements of the single-shaft 
engine were selected for preltminary turbine stress analysis. These turbines o>uld be a singk radial 
turbine and a two-stage axial turbine, both assuming the use of ceramic material. Because' the use 
of ceramic material inferred a relatively high development risk, a metal radial turbine was alse> 
considered for analysis at IISCTC. This turbine would not necessarily be intended for IcMig-life but 
would allow early demonstration of engine concept feasibiiiU' in a dex’ekr^ment program. 

Preliminary estimates were made from aerodynamic blade profiles, but only the stresses in the discs 
were calculated in any detail. The objective was to arrive at a disc shape sue h that the maximum 
combined centrifugal and thermal tensile stress would not exceed 207 MPa. This amount represents 
about half the modulus of rupture (MOR) strength of the siiilered alpha SiC material which is being 
considered by the Carborundum Company for fabrication of an integral turbine rotc»r. 

As a simulation of the thermal load, radially linear thermal gradients for steady slate operating 
conditions were assumed through each disc. The material temperature profile for the radial ri>tor. as 
shown in Figure o7B. was assumed to vary as the calculated relative total gas temperature, namely, from 
10o0*C at the lip of the disc to 960*C at the center of the disc. The gradient for the axial turbine was 
estimated using the Upgraded Engine turbine thermal gradient hown in Figure o?A as a reference. 
Note that the blade riK>t temperature on this turbine was determined to be equal to the relative total gas 
temperature. On the basis of the higher thermal conductivity of ceramic materials and the sire of the 
ceramic disc, a lower gradient is anticipated in the ceramic turbine than in the metal turbine. However, 
if the rim temperature for the ceramic turbine w^ere assumed to be equal to the relative total gas tem- 
perature (1252*C), an unrealistically greater thermal gradient w'ould result relative to the metal rotor. 
Therefore, the temperature was assumed to be U 20*C at the nm and 'W*C at the hub of the rotor, as 
shown by the dashed line of Figure 67C. The corresponding 220*C- gradient ihu assumed is approxi- 
mately 60*C lower than that of the turbine for the Upgraded Engine. 
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ll should be pointed owt that the gradients discussed here Are for steady>sUte conditions only and that 
tlw larger gradienUccr»*rn^Uuring transients wiUrcsidt in higher thernul stresses in the disc. It can be 
safely assamed* however, that the highest thermal stress point in the disc will not necessarily coincide 
with the maximam centrifugal stress point. Furthennore. it is anticipated that tb oaximum thermal 
gradient wdl occur at a time when the engine is ruimingat less than the nuximum iperatitrg speed. A 
thermal analysis will be required to effectively evaluate these transienl conditions. 

An axttymmetric Bnite element computer program was used to calculate the disc stresses. The program 
computo the stresses in the radial, tangential and axial directions and the shear stresses in the radial* 
axial plane. 

The results of the stress calculations for the ceramic turbines are sanururzied in Figure 68. A com* 
parifon of these resulls shows that the maximum combined tensile stresses in the axial turbine are 
appreciably higher than in radial turbine. As expected, the difference is primarily due to the increased 
thermal stresses in the axial turbme. The maximum combined stress at the center of the radial turbine 
may be reduced if the backf ace of riie disc can be optimized to lower the centrifugal stress. The given 
blade st re sses represent average stress estimates based on prelimmary bUde cross-sectional areas. Even 
so. the magnitude of the Made stres is reasonable. 

To assess the severity of these stress levels is necessary to look at the strength characteristics of the 
material which will require a statistical evaluation, taking into account the strei^h variability of ce* 
ramie materials. Such an evaluation has not been carried out for the preliminary study but must be 
made for a final design analysis. 

The stress estimates for the llSIfC metal turbine are presented in Figure 69. Because of the lower 
thermal conductivity of tfie metal alloy, an increased tftennal gtadient relative to the ceramic 
tuibikie was assumed. Considermg the higher density material and an assumed thermal gradient 
increase to 19CrC. the maximum coiribined equivalent stress was estimated to be 450 MFa at a 
maximimi design speed of 94.000 rpm. The estimated Made stress is 310 MPa. The impact of lltese 
stresses on the design of a metal turbine cannot be fully assessed at th^ time, because the 
candidaie material, the RSR superalloy from the Piratt and Whitney Company, has not been 
characterized, and the material stiengtfi data are limited. 

Summarizing the above results, there is evidence which indicates, that to realize such engine designs as 
considered here, there is a certain degree of development risk involved. For a general evaluation the 
amount of risk for these turbine rotors, a set of material strength data curves, such as are shown in, 
Figure 70, was obtained. These were derived from the Materials Review in Section 7.6 below. Strengths 
of ceramics and advanced metals are diown in comparison to the best current commercial superalloys 
and hence, were; idged as moderate or high risk relative to the latter. On this basis and also on the basis 
of the calculated stresses, the two-stage axial-turbine ceramic design was categorized as high risk, 
whereas the single-stage radial-turbine designs with ceramic material and limited-life metal were 
considered as moderate risk. 

The moderate risk metallic curve in Figure 70 is based upon preliminary properties of Pratt and Whit- 
ney's advatKed RSR (rapid solidification rate) supei alloys. The development goal of this material, 
which is a rapidly soltdif *ed superalloy with aligne*' ^ain structures, is to have a 50*C to 100*C increase 
in strength capabilities ^bove currently best commcrcially-available superalloys. For limited -life 
turbine rotor application, this material appears to be adequate for development ark with a moderate 
risk. 

As shown above the 3-shaft engine with a 2-speed manual tr«.nsmission and the single-shaft engine 
with eVT are the only powertrain concepts capable of meeting and exceeding the fuel economy goal of 
the study. As shown by the preliminary stress analysis, the radial turbine is better suited to the engine 
than a two-stage axial turbine because of the higher thermal stresses in the discs of the axial turbines. 
To achieve the highest fuel economy, it is necessary to use ceramic materials. However, to achieve the 
goal of the study, the turbine inlet temperature for the single-shaft engine could be as low as 1050*C 
and have margin for the uncertainties of powertrain development. It might be possible to go as high as 
1150*C with advanced superalloys. This would provide a limited -life material to be used in a 
developiiient program while progress is being made in the ceramic materials and the CVT. In support of 
these considerations, a .*Yview of high temperature materials was conducted to establish the feasibility 
of the use of superalloys. ceramic materials and refractory materials. The results are dist.ussed below. 
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Convmtional superalloys, directionally solidfit \ eutectics (DSE), oxide dispersion strengthened alloys 
(ODS) and tungsten ftber-reinlorced superalloys were reviewed and compared on the basis of **turbine 
blade temperature capability". For this report, temperatare capability was arbitrarily defined as the 
temperature to produce rupture at 138 MPa (20 KSI) in 1000 hours. 

* Today’s best conventional cast superalloys are limited to an uncooled blade temperature of aU at 
900^ (IdOOT). Even with continued development and advanced processing te^niques, such a 
directional solidtiication, this temperature will probably not be extended more than about 25*C 
(45T). Wrought superalloys prepared by the usual forging or powder metallurgy techniques do 
not geiterally attain the strei^th or cast alloys in this temperature range* 

Significant increases in high ten^perature properties have been attained by applying the directionality 
concept to eutectic systems and tuirgsten fiber superalloy composites. Pirectionally solidified eutectics 
offer the possibility or blade temperatures 60- 1 10*C ( 1 10- 200*F) above liiose used for conventional cast 
super ailv:>s. Although tungsten fiber reinforced superalloys atU>rd potentially the highest use tem- 
perature capability of any of the superalioy c s>>t«^s studied for turbine blades, i e. about 1200*C 
(2200*F). their application, because of cost and fabrication problems, is most remote. 

Advanced oxide dispersion strengthened alloys with elongated or grain structures appear to 

have a potential-use temperature of about 1(M0*C (1900*F) for blades and up to 1236*C (2250*F) for 
lower stressed stator vanes. Recently, wrought alloys prcduced from powder prepared by a new rapid 
solidification rate process have been reported that appear to have the potential of increasing the 
maximum temperature capability of convcntioiul superalloys by about 50-l00*C (90-180*F). 

With the notable exception of some of the ODS alloys containing both chromium and aluminum, 
almost all of the advanced superalloy systems mentioned have relatively poor oxidation resistance and 
will probably require protective coatii\gs at temperature above 1000*C nS30*F). The standard 
aluminide diffusion coatings provide long term protection only up to about 1040-1100*C (1900*- 
2000*F). Newer, more costly overlay coatings may extend this range to around U50*C (2100*F). 

Before the advanced superalloy -base materials studied in this report could be considered fora practical 
small automotive-size turbine rotor, many serious «.ost, design and fabrication problems v. ould have to 
be solved. A near net shape integral rotor appears to be necessary to avoid the intoierabiy high fabri- 
cation and assembly costs associated with the individual blade-type construction commonly used for 
larger aircraft-type turbine rotors. Two processes, investment casting and isothermal super plastic 
forging, have the potential to produce relatively iow-cost integrally bladed turbine rotors. 

Politically generated uncertainties in the supply of key alloying elements, particularly chromium, and 
rapidly rising prices cloud the future for any large scale usage of superalloys in automotive gas turbines. 

It is clear that substantial increase in fuel efficiency in a gas turbine engine will be realized only if the 
turbine inlet temperature is increased significantly. Such temperatures would be well above those 
considered practical for the best available superalloys or with the refractory metals, generally because 
of poor oxidation resistance, undesirably high density fabrication problems, high raw material cost, and 
uncertain availability. 

The follow’ing ceramic materials, listed in order of greatest immediate potential, were reviewed and 
compared for use at high-stress, high-temperature locations within a marketable gas turbine engine. U 
should be emphasized that none of the following have properties which have, to date, been completely 
optimized. 

1. Hot Isostalically Pressed Silicon Nitride - offers the greatest potential for high strength and high 
Weibull modulus at elevated temperature, and, in principle, is capable of economical, high volume 
production of complex parts. Development, however, has been moving slowly 

2. Sintered Alpha Silicon Carbide - Exclusive to the CarK'^mndum Company, this material 
demonstrates no strength degradation through lo50*C (3000*F), and has unequalcd oxiJat on 
resistance of any form of silicon carbide or silicon nitride. It is capable of being formed to shape, 
although injection molding is not possible at this time on cross sections greater than 12 5 mm (0 5 in) 
because of binder bake out cracking. 
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3. SintcraUe SiUcon Nitride - Offers the potential for low cost, complex part fabrication; ho«vever 
high temperature strength aitd oxidation resistance are limited* resulting from the addition of sintering 
aids to the Si ^4 powder. 

4. Chcmkal Vapor Deposited Silicon Carbide - Excellent potential for high strength and oxidation 
resistance; however very serious fabrication problems continue to hamper developmental progress. 

Sinlerable Bela Silicon Carbide - Although this material displays many of the fine properties of 
sintered alpha SiC* there is no commercial source of beta SiC powder. 

B. Hot Pressed Silicon Nitride - The strength of this material is exceptionally high at room tem- 
perature* falling off quite drastically by 137QTC (2500*F). The process remains prohibitively expensive 
and time consuming; therefore it does not lend itself to high volume production. 

7. Hot Pressed Silicon Carbide - Also prohibitively expensive for high volume production. 

Materials considered as medium-stress caiulidates were 1) Recrystallized SiC* 2) Reaction sintered 
silicon carbide* 3) Reaction bonded silicon nitride* 4) SiC composites* and 5) SiALON. For specialized 
applications* each differs in its potential for success. Each has both benefits and disadvantages. 

Materials reviewed for regenerator/recuperator application in order of greatest potential for success* 
were 1) AS (alumium-silicate)* 2) MAS/ LAS (magnesium -alumino silicate/lithium-alumino silicate). 
Pure MAS is subject to thermal fatigue* while pure LAS is subject to chemical attack by sulphur (in fuel) 
and road salt ingestion. 

Coatings for oxidation/corrosion protection were reviewed and found to be unnecessary on those 
forms of SiC containing no free silicon. Forms of SiC containing free silicon readily oxidize at high 
temperature* however this may be considered protective rather than destructive. It is inconclusive as to 
whether a surface layer of pure CVD SijN^ would benefit reaction bonded silicon nitride or hot pressed 
silicon nitride. 

Joining methods for ceramics were reviewed and grouped into four m*ijor categories: 1) Adhesive and 
Cements* 2) Mechanical Bonding* 3) Solid Phase Joining* and 4) Liquid Phase Joining). Specialized ap- 
plications of each were discussed. 

Machining methods of ceramics were reviewed. Two methods were found most effective: 1) Diamond 
Machining* and 2) Ultrasonic Abrasive Machining. All methods of machining ceramics are expensive* 
and should be avoided by forming ceramic parts as close to design tolerances as possible. 

Economics of ceramics* both in regard to raw materia' and processing was investigated. Costs of raw 
materials are very low for SiC and SijN 4 when compared to superalloys or refractory metals* at least by 
an order of magnitude. Furthermore* such raw materials are in virtually unlimited supply in the United 
States. Processing costs and energy requirements are lower than for turbine metals, so long as final part 
machining is minimized. Although many economic variables are difficult to fully assess at this time* it is 
expected that ceramics would enjoy a cost advantage over the superalloys and the refractory metals if 
compared on a cost-per-part basis* owing to the lower bulk density of the ceramics. 

Five refractory metals — chromium* columbium* molybdenum* tantalum and tungsten and their alloys 
were examined. Some of the alloys appeared to offer usable properties for turbine rotor application. 
However* they all have undesirable features that detract from their potential usefulness and final selec- 
tion would* at best* be a compromise. 

While tantalum and tungsten have mere than adequate stress-rupture strength, their high density 
would impose unreasonable inertia penalties when used in rotating components. Chromium alloys, on 
the other hand* would be quite advantageous from the same standpoint* having a lower density than 
nickel-base alloys* but their extreme brittleness and sensitivity to interstitials preclude their use for 
such an application. From the standpoint of fabricability many refractory alloys peiform rather poorly. 


Chromium and tungsten base alloys (Group VI A) because of their low ductiliy are difficult to reduce 
mechanically to usable products. Chromium in particular requires extrusion or swaging to gross final 
shape. Tantalum and columbium on the other hand are very ductile (Group V A) and are readily fabri- 
cable although requiring high deformation forces. Molybdenum, while being in Group IV A, has 
intermediate fabricability . Tantalum and tungsten because of their extremely high melting points, have 
not been successfully investment cast. 

Although alloys of both columbium and molybdenum are normally used in the wrought condition, 
several of them have recently been investment cast with extremely encouraging results. The 
experimental shapes produced included small integral turbine rotors and commercial engine size airfoil 
shapes with acceptable surface finish. In view of the small size of the projected turbine rotor, precision 
investment casting to net shape appears to be the only currently practical method of secondary 
fabrication. 

In the event that the final material choice for the hot gas path components of the IGT is a refractory 
alloy, raw material cost will be an important consideration in mass production decisions. While the 
relative low cost of chromium is undoubtedly attractive, some alloy development breakthroughs are 
required before full advantage can be derived from that alloy system. At the other end of the scale the 
high cost of tantalum coupled with a high density precludes serious consideration of its use as a com- 
pressor-turbine rotor material. Tungsten-base alloys are of intermediate cost but have a high ductile- 
to- brittle transition temperature. 

The base materials tor the castable refractory alloys, columbium and molybdenum, are practically at 
opposite ends of the cost range, with molybdenum second only to chromium. This cost advantage holds 
not on'y for the pure metal but also for the commercial alloys which contain less than 2% additions. 
Availability and strategic importance, while not the primary selection criteria, strongly favor 
molybdenum in view of its ample domestic reserves am’ ^reduction capacity. 

The stress-rupture properties of the various molybdenum qnd columbium alloys cover essentially the 
same range and the selection is usually governed by fabricability. In a cast turbine rotor, while property 
optimization by thermo-mechanical treatments is not feasible, the actual properties are expected to be 
in the range of recrystallized or stress-relieved alloys and will be affected by process variables. The 
properties of the cast columbium alloys are reported to he romn^rable to that of the wrought materia! 
(with similar thermal history); actual test results show cast molybdenum ba^<‘ TZM alloy to be 
somewhat superior to the stress-relieved wrought alloy. 

The creep properties of molybdenum alloy TZM, cast and wrought, are also superior to that of the 
strongest columbium alloys. While molybdenum alloys appear to be the best suited of the refractory 
alloys for the rotor of a high -temperature turbine, they have one common serious deficiency, a 
catastrophic oxidation behavior. In spite of that problem they remain extremely attractive because of 
theh' unique hot strength. The oxidaSon is partially alleviated by the use of protective coatings. 
However, lous consideration of the usage of molybdenum alloys in the IGl would require additional 
development tfforts particularly in the area of coating reliability. 

The review of materials which could be considered for the Improved Gas Turbine Engine shows the 
feasible potential for the use of ceramic materials and the superalloy with structural properties created 
by rapid solidification rate (RSR). The ceramic materials are needed to achieve the highest possible fuel 
economy, tut the RSR superalloy could be used as an interim limited-life material during the 
development of the structural properties required of the ceramic material. 

7,7 Relative manufacturing cost was estimated for the various powertrain concepts. Many combinations of 

Cost Studies engine elements were estimated by comparing the elements to similar elements of the Upgraded Engine. 

More detailed estimates were made by constructing simulated parts lists, and a rationale for the 
confidence level of the estimates is discussed. Some general observations of the relation of similar ele- 
ments are made. For comparison with standard reciprocating engines, estimates were made of overall 
system costs; operating and lifetime costs are also discussed. 
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The cost data on the Upgraded gas turbine engine was reviewed, analyzed, and updated for parts list 
changes and late vend^ quotations. All hardware designs of this engine were then reviewed and 
sketches of more cost-effective production configurations were made, where applicable. Many of these 
changes were incorporated in an engine section layout. Figure 71. All of the changes were cost estimated 
on a production ImsIs, and the costs provided a base against which all other concepts could be 
compared. 

Some of the value engineering applied to the Upgraded Engine is as follows. The numbers refer to the 
numbers on Figure 71. 

1. Eliminate: starter reduction gear, air pump, etc., since current low-emission burners do not require 
atomizing air for starting. 

2. Simplify: costly machining of inlet flowpath replaced by iniection molding. 

3. Combine or separate pieces to reduce cost: make thrust bearing integral with generator drive shaft. 

4. Use lower cost material: modify the configuration of the accessory drive sprockets for fabrication 
in powder metal. 

5. Minimize material: fabricate regenerator-drive worm gearshaft from tubing instead of bar stock. 

6. Use lower cost process: change the output gearshaft from a casting to a splined bar stock assembly. 

7. Accomplish function at lower cost: change the oil pump drive from a flex coupling to a tang and 
slot. 

8. Change size; change the compressor impeller hub from an l.D. to an O.D. fit. 

9. Minimize use of fasteners: change the bolting of the oil trough to the housing to spot- welding the 
pan. 

A cost summary of the concepts that were initially considered for powertrain selection is shown on 
Table II. The cost estimates were facilitated by categorizing the costs of the hardware items of the cost- 
effective Upgraded Engine into groups that would reflect changes in the new engine designs. These 
broad categories are: 

1. Engine housing, thermal insulation and assembly costs 

2. Turbomachinery costs 

3. Regenerator and seals costs 

4. Reduction gear and transmission costs 

Costs were estimated for the four categories for each engine concept considering changes in mass flow, 
features used, number of turbomachinery stages and regenerators, and the complexity of the gear sets 
and transmission. The results indicated that the single-shaft engine with a radial turbine would be the 
lowest-cost concept. 

An example of the method of cost estimate is as follows. The regenerator cost from the 
cost-effective Upgraded Engine was divided into seal, core, and cover cost. The material cost for 
the core and cover changes directly with the mass flow ratio of 1050®C and 1350®C engines, since 
the area of the items determine material cost for a given thickness. The labor and burden portion of 
the base cost is almost invariant for the size changes involved; so it was added back to the new 
calculated material cost. The material cost for the seals changes with the square root of the mass 
flow ratio of the 105(fC and 135CTC engines. The base labor and burden cost were added back to the 
new calculated seal material cost. The sum of the base labor and burden costs and the new 
calculated material costs form an estimate for the regenerator costs of the 135(fC engine. This 
estimate was compared to assessments made by independent methods which confirmed the 
validity of the approach. 


30 



More detailed estimates were made on the single-shaft, two-shaft, and three-shaft engine concepts 
selected for detailed performance study. A preliminary parts list of the single-shaft engine is given in 
Appendix B. The parts in this list and similar lists for the multiple-shaft engines were categorized, and 
the costs were summarized, as shown on Table 12. The values show close agreement with the estimates 
on Table 11. A breakdown of part cost distributions for the various categories is given on Table 13. 

The cost confidence levels for parts groups in the engines studied are shown on Table 14. The rationale 
for the cost confidence levels is * follows: 

• High confidence in the accuracy of the estimate: 

The item is directly comparable in technology, tooling, and material to typical automotive parts 
now in production. Error is estimated at ± 5%. 

• Medium confidence in the accuracy of the estimate: 

The item is comparable to automotive parts that have been produced but only in limited, low 
vdume. Error is estimated at ± 10%. 

• Low confidence in the accuracy of the estimate: 

The item has not been fabricated, has not been designed, represents new technology, and requires 
unconventional processes. Error is estimated at +100%. 

Some of the observations of interest made during this study were: 

• Costs of auxiliaries and accessories are those of standard parts currently made or purchased by the 
Contractor and are the same for all engines. 

• Multiple-shaft engines have a penalty for assembly complexity. 

• The single-shaft engine with power take-off at the front of the engine has an advantage by incor- 
porating part of the intake into the reduction gear housing. 

• Estimates of costs of ceramic and metal turbines, assuming fully-developed processes, 
strongly indicate cost convergence. 

• Estimates of regenerator costs for one-, two-, and three-shaft engines, at the same turbine inlet 
temperature, arc nearly the same, because the cost impact of the many complex factors are 
compensating. 

Customer acquisition costs of alternative engines must include the vehicle-related costs, such as brake 
power source costs (no vacuum with the turbine), and heater costs (no hot water with the turbine), in 
order to be complete. Also, since the piston engine, with equivalent low emission capability, is the base, 
t ie piston engine and its system-related costs should be the reference. The estimated 1976 variable 
costs for the six-cylinder and concept engines include the following: 

Vehicle-Related Costs 
Power Brakes 
Engine Coolers 
Emission Controls 
Air Cleaners 
Exhaust Ducts 
Heater - Air Conditioning 

Since current burner development is expected to meet 1981 emission requirements, the emission control 
hardware that will be required for the pist engine to meet 1981 requirements was cost-estimated at 
1976 costs. 


Engine-Related Costs 

Base Engine 

Power Steering Pump 

Starter 

Electrical 

Fuel Systems 

Mounts and Pulleys 

Transmission 
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The variable manufacturing cosU were assessed in detail for the powertrain concepts revtowed for tiie 
final selection. Vehicle system costs were also evaluated and were comparc«l to costs of vehicles 
powered by spark-ignition and diesel engines. The results of the analysis showed that, on the basis of 
high-volume production, the manufacturing cost of the vehicle with a gas turbine engine is ^0% higher 
than the cost ivith a spark-ignition engine. By comparison, the cost of a diesel-powered vehicle is 20% 
higher than the cost of the vehicle with a spark-ignition engine. Additional factors, however, would 
impact on the vehicle acquisition cost or ''sticker price" to the customer. For a vehicle having an entirely 
new type of engine, these would include the usual fixed business costs plus allowances for costs related 
to the introduction of a new product; capital investment, new product warranty, service training, and 
engineering. The sticker price will also depend on unpredictable factors, such as future emission stan- 
dards and competitive considerations. 

Chrysler's long-term product objective is to develop the turbine as an alternative to the diesel for the 
100-horsepower-and-above car and small-truck market. Projecting over the long term when vehicle 
introduction costs have been absorbed, the potential would appear to be for the turbine and the diese! 
to have close to the same sticker price. 

The life-cycle cost, however, includes operating (fuel and maintenance), financing, and insurance costs, 
along with the sticker price. Both the turbine and the diesel would have about the same fuel costs, and 
with similar initial costs, the life-cycle costs may be considered equivalent. 

Although the diesel is generally regarded as a low-maintenance Concept, the turbine also has good 
potential in this area. Lower maintenance costs are expected, because oil and filter changes should be 
minimal, considering that combustion gases do not Contact the lubricant. 

7.8 

Concept Selection 


The cycle study showed that the best fuel economy for a powertrain with a single-shaft engine 
obtained at a pressure ratio between 4.2 and 5.5 for a turbine inlet temperature schedule determined by 
operation with constant turbine exit temperature (Figure 32). The optimum pressure ratio depends on 
the component efficiency levels. The difference in fuel economy between a design pressure ratio of 4.2 
and 5.5 varies from zero to 0.4 mpg. Consequently, there is only a small impact of selected design 
pressure ratio on the fuel economy obtained with the single-shaft engine, for the ass»:mpt:ons of com- 
ponent efficiencies used in this study. 

The best fuel economy for a powertrain with a two-shaft engine varies between design pressure ratios 
of 5.5 and 7.0 for a turbine inlet temperature schedule determined by operation with constant power 
turbine exit temperature (Figure 33). This range narrows to 5.5 to 6.5 for constant power turbine inlet 
temperature. The optimum pressure ratio depends on the component efficiency levels. The difference 
in fuel economy between a pressure ratio of 4.2 and the optimum pressure ratio values ranges from 0.3 
to 0.6 mpg for operation with constant power turbine exit temperature and from 0.5 to 1.2 mpg for 
constant power turbine inlet temperature. The lower differences arc associated with minimum 
development effort, and the higher differences reflect maximum development effort. The difference in 
fuel economy is moderately significant as off-design temperature increases. 

The results of the stress analysis showed high risk in the design of axial turbines for high temperature 
engines. The risk is based on the high level of disc stresses due to thermal loads and on the sparsity of 
available space to properly insulate the bearings from the flowpath. These risks increase as design 
pressure ratio increases (Figure 35). 

On the basis of fuel economy, overall suitability to mechanical design and production cost, the 
powertrain selection is a single-shaft engine with a radial turbine and continuously variable 
transmission: design turbine inlet temperature is 1150*C. This powertrain concept was judged to best 
meet the goals of a development program for the Improved Gas Turbine. With advanced superalloys, a 


Of all the powertrains reviewed, only the single-shaft engine with a CVT and three-shaft engine with 
interconnecting shafts and a two-speed manual transmission met and exceeded the fuel economy goal 
of the study. At a design-point pressure ratio of 4.2:1, the single-shaft engine could meet the goals at a 
turbine inlet temperature as low as 1050*C. At the same design pressure ratio, the three-shaft engine 
could only meet the goal at 1S50*C. These results are based on the assumptions of component effi- 
ciencies, parasitic losses, and heat and flow leaks used in the powertrain performance estimates, along 
with the assumptions of transmission efficiencies and performance characteristics. 



development prognm could be planned with a limited*life turbine designed for nS0*C. This would 
allow time for development of a practical CVT and for development of ceramic materials with strength 
properties suitable for design application to achieve near-maximum powertrain fuel economy at 
1350X, 

The CVT configuration selected for use on the powertrain is the belt-drive CVT. This was selected as 
being the most practical type of CVT for automotive application. It is simpler than the hydro raechanical 
types and requires smaller driving forces than the traction type. While belt technology is being 
developed, the hydromechanical type could serve as an interim to demonstrate powertrain fuel 
economy. 

An initial preliminary layout of the selected powertrain is shown in Figure 72. The engine i« shown 
mounted transversely in a front wheel drive vehicle. Note that the engine, with its variable ratio belt 
drive, will fit between the vehicle frame side rails. The engine features a single regenerator located to 
the rear of the turbomachinery and with the axis parallel to the engine axis. This allows the turbine exit 
gas to flow directly into the regenerator with no turning required. Also, a more symmetrical engine 
housing results with this arrangement, and the engine exhaust gas may be conveniently ducted to the 
rear from this side location on the vehicle. The regenerator crossarm and bulkhead section of the engine 
housing may be adequately cooled, using air taken from the duct leading from the compressor collector 
to the high pressure regenerator inlet. The turbomachinery and its supporting structure will be installed 
as a subassembly in the forward section of the engine housing. 

Figures 73A and 738 show front and side external views, respectively, of the engine, including the 
variable ratio belt transmission plus the accessories For both engine and vehicle. The engine 
turbomachinery, burner, and starter are located just below the hood line to allow room for the 
transmission gear case, which is positioned forward and just above the front axle centerline. 

The layout indicates no areas of interference between engine and body components. Not included in 
the layout, however, are the engine air intake duct and filters and the b.^ttery, which are expected to 
require changes in vehicle components. Also not shown are items such as the electronic control unit, 
exhaust system, VIGV actuator, CVT pulley controls, engine mounts, heater system components, and 
the windshield washer reservoir. 

Section BB {of Figure 73A) on Figure 73C was taken to show the rotor shaft assembly, burner, lir intake, 
and reduction gear. Included on the reduction gear output shaft is the variable ratio drive pulley and the 
sprocket for the chain driving the accessories and regenerator core. 

A single-shaft engine with a front-mounted, variable-ratio belt drive is shown in Figures 74A and 74B 
in a pickup truck. No interference problems are apparent. A drive connecting shaft would be required to 
transmit power from the belt system to the gear box as shown in Figure 75. 

7.9 Calculations were performed to estimate vehicle response to operator demands with a vehicle equipped 

Vehicle with a single-shaft engine and CVT. A control strategy that senses the vehicle operator's power demand 

Performance and maximizes the engine operation for that demand can be developed. There is limited engine power 

available at low engine speeds, both for engine, as well as vehicle acceleration. Maximum vehicle accel- 
erations are possible only at or near maximum engine speeds, and the proper relationship between 
engine and vehicle acceleration rate must be established. 

A potential solution involves the use of a rate of change of ac^elerator-pedal-position sensor, which 
would indicate the operator's demands more closely than simply an accelerator-pedal-position sensor. 
For example, rapid movements indicate the desire for large vehicle speed changes at a quick rate, while 
slower movements indicate the perturbations of vehicle speed associated with normal traffic operation. 
The former indicates the need for maximum vehicle acceleration, thus maximum engine power, while 
the latter indicates a modest change in engine power requirements. The engine response to these 
varying demands can be optimized. Considering an initially stationary vehicle, a rapid, continuing ac- 
celerator pedal motion indicates the desire for a maximum-performance start and, thus, as much engine 
power availability as possible. This is obtainable by initially utilizing all of the available engine acceler- 
ation power to accelerate the engine, leaving the vehicle at rest. As the engine approaches maximum 
speed and power, some of the available acceleration power is delivered to the vehicle, starting it in 
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motion. When the engine reachr imum speed, full, design power is available for vehicle acceler- 
ation. Although the notion of an initially stationary vehicle for a condition demanding maximum vehi* 
cle motion seems contradictory, results of preliminary analysis minimize this objection. 

The characteristics of a vehicle powered by a single-shaft engine and responding to maximum acceler- 
ator position and accelerating from rest are shown on Figures 76 and 77 . The time required to accelerate 
the engine to maximum speed from idle would be about 1.1 seconds. However, this power level at 
standstill would be simply dissipated in tire slip. Diverting 60 % of the available power to the vehicle at 
about 75 % engine speed allows the vehicle to begin moving sooner, at about 0.75 second instead of 1.1 
seconds, with only a slight delay in reaching maximum engine speed. The vehicle response, compared 
to that of the two-shaft engine arrangement, shows the lag of the single-shaft- powered vehicle to be 
only about a car length. The less demanding, more normal, vehicle acceleration requirements would 
exhibit proportionally less vehicle lag, with the engine and vehicle accelerating together. 

These calculations were performed with preliminary estimates of compressor and turbine polar mo- 
ments of inertia and with an air thrust bearing. More accurate estimates were made of the 
turbomachinery geometry, and the air thrust bearing was replaced by a ball bearing. In the original 
calculations, the polar moment of inertia of the disc of the thrust bearing was approximately equal to 
that of the turbine, due to the size of the disc of the thrust bearing. The large size was required because 
the thrust load was sustained by an air film instead of an oil film. 

The vehicle performance with these revisions is shown on Figures 78 to 80 . The results in ^igure 78 
show an initial acceleration of the vehicle comparable to that of a vehicle with a spark-ignition engine 
of equal maximum power (100 horsepower). From 0.1 to 0.8 second, the acceleration is less than that of 
the vehicle with the spark-ignition engine. However, as Figures 79 and 80 show, the variation of vehicle 
speed and distance traveled are comparable to the values obtained with the Baseline Vehicle of the 
Baseline Engine Development Program, in contrast to the results shown in Figures 76 and 77 . 
Consequently, it is possible to preserve the vehicle performance with a powertrain with a single-shaft 
engine and a CVT. However, care must be exercised in the engine design to minimize shaft polar mo- 
ment of inertia and in the CV i design for the match and the control of engine- to vehicle characteristics. 

This section discusses the control requirements for the belt-drive CVT. Remarks are confined to fixed- 
center, variable-sheave pulley systems. Position of the belt pitchlines on the drive and driven pulleys 
and the tension between them on each side is determined primarily by the loading of the drive and the 
axial forces exerted on the sheave faces to maintain belt tension. Equilibrium positions (i.e. fixed ratio 
conditions) can be thought of as a condition when all these forces are in dynamic balance, so that the 
belt tends to stay in a given pitchline configuration. The axial forces required to hold a belt drive in 
balance can be thought of as functions of these other variables and have been defined in this way by 
several authors working independently. 

Most familiar applications of belt-drive hardware involve variable speed requirements which do not 
involve rapid or even continuous changes in drive ratio Usually the driver pulley is position-conti oiled 
rather than force-controlled. This is a convenient means of adjustment; however, it works only because 
the response time of the belt-drive system is much faster than the change in adjustment with most of 
these kinds of hardware. Attempting to control a ^elt drive by sheave-position changes within the 
response time of the drive itself does not w'ork, because of the high transient imbalance initiated into 
these controlling forces. ^ uking the belt drive respond quickly enough for the single-shaft turbine 
powertrain requires a careful determination and application of the forces invol ed. 

In order to provide the correct amount of axial force on each sheave (and thus control the belt -drive 
ratio), the following parameters must be known; 

a. tight and slack side belt tensions 

b. torque transmitted 

c. desired ratio 


In practice, this is accomplished by monitoring the torque exerted on one of the pulleys (usually the 
driven) and the center-to-center separation force, which can be manipulated to yield items (a) and (b) 



In many drives* the desired raliu is some function of speed and/or driver torque. A conversion must 
then be made, usually by so.ne mechaidcal means* such as a pair of bobweights in conjunction with 
springs and ramps* to translate these values into the desired approximate axial forces. In most cases* the 
stability and life of the drive depends mostly upon how cleverly this conversion is accomplished. In 
drives where the ratio is either arbitrarily determined or a function of parameters not directly 
experienced by one of the drive components* the sheave actuating mechanism may be built to simply 
respond to an appropriate command signal* such as a voltage* hydraulic pressure* etc. In any case* the 
belt drive quantities that will be controlled are the axial force and the balance between the axial force 
and the separating forces at work in the running drive. 

The single-shaft gas turbine engine automotive powertrain presents a control challenge over and above 
what is required for delivering power to a fixed load systvOi. Typical applications of the single-shaft 
power plant to date have been aircraft (turboshaft) prgne movers and auxiliary power units which drive 
fixed frequency alternators. 

In both cases* the load level seen by the engine is relatively constant and is delivered over a narrow 
speed range. Automotive usage imposes a load schedule that is usually a small fraction of the 
maximum-rated power of the system. \et that maximum power must be made instantly available on 
demand for acceleration* routine maneuvers such as passing* etc. The engine design reflects off-range 
excursions; the control system has to keep the engine and transmission in an optimum compromise 
operational state throughout this range and be able to change rapidly from one state to the next in 
response to a command input. 

The engine speed is a direct* single-valuod and strictly-defined function of engine output power* while 
the vehicle speed is an independent parameter. The CVT must interpose the matching between engine 
and lo«'*d; the CVT control has to determine the instantaneous ratio between engine and vehicle speeds 
based upon conditions in the engine and the power demanded from the system. Power level demand 
changes have to immediately result in ratio changes; the CVT control must respond faster than the 
engine or the vehicle. 

With the use of a CVT* there also comes the possibility of smooth exchanges of large quantities of 
energy back and forth between the engir. and the moving vehicle. The vehicle motion* itself* can be 
thought of as an "'energy reservoir" that can be augmented or tapped at will by minute* instantaneous 
changes in the transmission ratio. Changes in engine speed do not necessarily depend upon the "engine 
time constant"* as it has been classically defined. It may be advantageous for the control system (both 
engine and transmission integrated together) to be programmed to accomplish reverse flow* power 
reflections under certain conditions. 

It is apparent that the fuel flow into the turbine must vary in conjunction with the CVT ratio for all 
speed and power conditions. CVT ratio essentially determines engine speed while the fuel flow into the 
machine determines the temperature (and* hence* the power which must be related to engine speed to 
prevent unwanted excursions of temperature). It is desirable to hold the turbine inlet temperature to a 
high upper limit to maximize the cycle efficiency. 

However* the limit must be set "hard" tc prevent overheating damage to the mechanical parts of the 
machine. It becomes a^ parent that two control schemes are possible. One could arbitrarily manipulate 
the CVl ratio to obtain the desired speed (and power level) while maintaining closed -loop operation 
around turbine inlet temperature. Alternately* one could add fuel to the system arbitrarily in 
anticipation of th. /ower level desired while moving the CVT ratio automatically to maintain an engine 
speed. Obviously* both of these philosophies must be relaxed to include overspeed and over- 
temperature safety limiters and the provision for functioning when the vehicle is at rest* or during 
engine startup 

Current single-shaft engine fuel controls employ scheduling to accelerate the engine* change power 
levels, etc. With the CVT, the automotive powertrain gains an extra degree of freedom that could 
obviate the use of different* preprogrammed schedules in favor of the simpler closed-loop servo. 

The control inputs required to accomplish the generalized single -shaft engine/C VT powertrain system 
are: 
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a. turbine inlet temperature, or any signal which is a known, direct, real time, and single- valued func- 
tion of this temperature 

b. engine speed 

c. vehicle, or propshaft speed 

d. system power demand 

e. ambient temperature and pressure 
Outputs from the control system will basically be: 

a. fuel flow 

b. CVT ratio 

In an actual system, there are ancillary controls to perform the actuation of appropi late elements which 
serve to carry out t’lese functions. The exact control methods and elements depend on the CVT selected 
and the translation of drive input commands to the power level demand signal 

The selection of the most appi^priate engine power level for incorporation into a viable vchic*^ 
marketing plan was considered next. The design point pressure ratio, component efficiencies and 
maximum cycle temperatures determine the gross thermal efficiency of the engine However, the 
engine output power level and air flow rate influence the realized brake thermal efficienc’^ . The aero- 
dynamic component efficiency is directly related to the engine air flow rate while the engine parasitic 
losses, i.e., mechanical flow and heat, determine the fiaction of the gross engine output available for 
useful brake output. Then for decreasing design engine output power levels the lower air flows result 
in poorer component efficiencies, mainly due to the relative increase in size effects. The mechanical 
losses remain essentially constant since, although rotational speeds increase with decreasin*^ flow si/e, 
the high speed bearings sizes can be reduced somewhr The How and heat leaks a^c also not strenglv 
affected since the number of corners and joints involved are not changed, and, in general, the space 
available for insulation is somewhat reduced. Thus, on a relative basis, the parasit’c lo^st s arc more 
significant with lower-output-power engines. 

The output characteristics for design power levels of 73. 100 anO 1 show n on Figure 8 1 

show the lower efficiency and higher BSFC of the lower-outpui . » lower efficiency would 

reduce the competitive fuel economy advantages of the turbine engine as compared Uy spark- ignition 
engines at lower output power levels. Referring to Figure 82, the slope of the gas-turb:np-powered 
vehicle fuel economy, as a function of inertia- weight class, which is related to engine power level for a 
given vehicle performance, would be flatter than that shown for the reciprocjling engines Thus the 
greater the engine power level, the greater the fuel economy advantage of the gas turbine 

A long-range, overall projection for the total U.S. car and truck market is shown on Figure 83. As 
shown, the increase in the truck and small-car segment, together with the decrease in the large-car 
segment, is expected lo level off after 1979. However, because of vehicle weight- reduction efforts 
and fuel-economy requirements, tne market for the 100-horsepower-and-above segment is 
expected to diminish as shown, leveling out at a two- to three-million yeariy potential, largely 
because of payload requirements. Diesel engines are currently being target , d for this 
100-horsepower-and-above segment, but the gas turbine, developed to its potential, would be a 
beneficial alternative. 

These considerations have resulted in the selection of 85 horsepower as the base development si/e fo, 
the 1150*C selected engine. This size was chosen so that when the engine is developed to its long iange 
1350*C potential, it would be at a desirable 114 horsepower range without a change in '>liaft speeds, 
compressor size, or regenerator size. 

At 1150*C the engine would be suitable for initial introduction in a future 2750 lb , front-w hecl-driv# 
vehicle, where it would yield a fuel economy of 30.4 mpg (gasoline) It is expected tnat it properly 
marketed, such a vehicle could initially be sold in substantial but limited volumes at a premium pri« c 
while the development to the long-range, higher-power version, along with a gradual buildup of 
production facilities, proceeds. 
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This section <iescnbcs a program plan for developnicnt of the iCT concept selection in Section 7.0. 
Identifiei in the program is the developme n t work needed to meet the goai of entering a production 
engineering phase by 19gS. The overall program plan inchides detmled task schedules, cost estimates, 
and iTumpower feqoireinents for each phase of the program. 

TheenginenriU be destgyied for 77 h o rs epo w er(una gm en t ed)withamaximum power qf as horsepower 
(aug^nented). Design turbine inlet temperature is 1150TC; design pressure rati^ Is 4.2. The cycle charac- 
teriaation is shown on Table 15; the station notation is defined on Table 16. The turbine is a metallic 
single-stage radial turbine. The C\T will be either a hydromechanical type or a belt-drive type, 
depending on the outcome of the eVT dcvelopnicnt. The selected vehicle has an inertia weight of 2750 
lbs. and has front-wheel drive. The fuel economy goal is 30.4 mpg. based on gasoline. 

The program will be carried out in two parts, bi the first part, the design turbine inlet temperature will 
be !0«rC to permit d evel opm en t of the shafting, bearings, arid gears and to allow demonstration of the 
aerodynamic efficiency leveb. Compressor desi g n mass flow is set by the design point corulttions for 
IISCTC turbine inlet temperature and would not change. The maximum power would be 
horsep o wer. In the secorul part of the program, the turbine will be redesigned aerodynamicaUy a^.d 
mechanically for a design turbine inlet temperatufe of llSOnC to deliver a higher maximum output 
power of 85 hor se powe r . The combustor and turbine static components will be made of ceramic 
materials for this temperature. 

The kwig-lead R and D items are a ceramk radial turbine and a belt-drive CVT. Results of the 
powertrain study showed that the best fuel economy is obtained with a single-shaft ervgine at 13S0TC 
turbine inlet temperature and with a b^-drive CVT. To achieve the ultimate fuel economy goal, it will 
beiiccessary toiriaketheturbitieotttofcerairikiiuterial.Thisinaterul must have the needed mechani- 
cal properties and be capable of iow-cost processing. A method of attaching ceramk material to a metal 
sliaft must be developed. The need for the belt-drive CVT is based on reductions in cost arul noise 
compared to a hydromechanical CVT. Analysis indkates that a Iransmission based on use of variable- 
speed V-belt could be produced at about two-thirds the coft of a hydromechanical unit aiui would not 
likely require development to achieve acceptable noise !e/els. 

The program is outlined schcnutkally in Figure 84. IiKluded on the figure are the pow^rain 
configurations required to achieve the ultinute fuel economy and the long-lead development items. 
The engine will begin with all metallk parts and have an initial value of maximum power of 68 
horsepower. With the introduction of ceramic-static components, the power rises to 85 horsepower. 
Ultimately, the engine power would increase to 114 horsepower with the introduction of a ceramic 
turbine rotor. The long-kad R arni D items are shown on the figure. Depending on development 
progress, these items could be Introduced in the development program. The ceramk rotor would be 
substituted fora metallk rotor, and the belt-drive CVT would replace the hydromechanical CVT on the 
powertrain. 

A summary of certain design information for the powertrains of this program plan, for the powertrain 
with advaiKcd development, and for the powertrains of the study is shown on Table 17. The study 
results show the change in fuel economy and design parameters as turbine inlet temperature increases 
for a Hxed design power. The program plan shows the change in fuel economy and design parameters 
for fixed compressor mass flow as turbine inlet temperature increases with the incorporation of ceramic 
components. The advanced development powertrain is applied to a heavier vehicle. Depending upon 
the development progress in ceramk materials, the radial turbine could be made of ceramic material 
instead of a superalloy; hence the term back-up is used. 

The program has been realistically structured to achieve program goals. By design, therefore, overall 
risk of the basic program is low. Values of compressor efficiency, turbine efficiency, and regenerator 
effectiveness were set at levels already shown to be achievable in tests on comparable sized com- 
ponents. Additionally, conservative values were selected for leakage and heat loss. As with any new 
design some allowance for aerodynamic, heat recovery, sealing and insulation development is being 
provided, but in this particular engine concept these should be no more than straight forward 
refinement and optimization steps. 


The high speed (94.300 rpm) of the engine^ however, will likely require uune fundametr'Lji bearing, 
sluft mkI reductHHi gear development to achieve stable operatkm with acceptable %/-aes of life, 
parasitic loss and noise level. Maximum speec* oth the gas generator ainl |K>wec turbine j;t>rson the 

Baseline Engine was 45.000 rpm. This was su fully increased to 5^.500 and TO.OOOrpr* ^pectively 

in the Upgraded Engine even with the inclu. c .« of an advanced technology gas toil be. rtng bn the 
compressor drive turbine fouma! bearing. Eaton has demonstrated a 100.000 rpm < SO h^r -rngW'i^haft 
engine, and turbocharger rotors currently run up to 150.000 rpm. In light of the above ex{^ ’.once akmg 
with some preliminary design analysts, it is expected that all aspects of the proposed htfr >pc«d me- 
chankai systems can be satisfactorily developed. However, its longest lead and potentialiv T\ghest risk 
aspect would be associated with successful devebpment of gas lubricated ioumal and thr^^; bearings 
fot theshaft connecting the comprer or and turbine wheels. Priority, therefore, would beg* toearly 
program effort in this area. 

With turbine inlet temperaluie up to 1150*C. prime reliance will be on the use of a metah\ furbine 
wheel. Experimental materials exhibiting needed properties have already been demonstrate^^. that 
the risks associated with having a fully-demonstrable wheel within this five-year piogran «opear 
minimal. 

Similarly, risks associated with having ceramic static hot section components within this period .dvo 
appear minimal. Excellent results have been achieved by Carborundum in casting SiC vortex under 
Task ID of the current Chrysler contract and the application of ceramics to burners, shrouding, ducting 
and stator blades is being effectively demonstrated on Ford-.ARPA. DD.A-DOE, and Garrett-.ARPA 
programs. 

Finally, predicted values of overall vehicle performance for the proposed IGT system were based on the 
ure of an existing hydromechanical continuously variable transmission Efficiency values were 
assumed at tested levels of the Orshansky first generation units. So in this area also, fundamental 
development risk is minimal although some development to control noise associated with high pressure 
hydraulic machinery would likely be needed. 

Based on the foregoing, the overall risk associated with a successful deiiK>nstration ot the f undamental 
engine concept would be expected to be small. Hotvever. the long range purp«Mse ot the program is to 
save fuel by mass producing and marketing a more economical automotive engine, and m working to 
achieve this purpose two higher risk bacl^ -up items of the proposed program assume a vital role One of 
these is the ceramic turbine and the other is a variable sheave V*l¥>lt C\T 

With respect to the ceramic turbine, response time of the bas»c engine with metal cvheel is questionable 
in regard to customer acceptance A ivide open throttle acceleratic'n cvould r<\|u»re aK>ut I 0 Mxond for 
rotor acceleration before clutching to th*' vehicle drive train. With a iigiuer ceramic wheel, the time 
would be reduced to a more acceptable seconds Additionally, a metallic whc'el relic's on the use c>l 
nickel and chromium, two materials of uncertain availability with respec t to high vc>lume autc>moiive 
use. There are no supply pic'bicms in the raw materials c'f prc>posed ceramic wheels 

The risks associated with the ceramic wheel would be in achir* ing practical low cost privessing a 
matc.ial with ade<tuate strength and a practical attachment to a metal shaft Promising approaches have 
l»een proposed for achieving success in both c>f these areas, but being ot a t undamental nature, 
development time is uncertain. This factor, along with the long range impc>rt.ince of the ceramic wheel 
warrants that efforts in this area receive program development pric>rity 

As stated above, the hydromechanical CVT meets prc»gram performance -md efficiency needs 
However, our analysis indicates that a transmission based cm the use of a variable spec d V-belt could be 
produced at about two- thirds the cost of a hydromechanical unit and would nc>t likely require 
development to achieve acceptable noise levels A two-belt transmission is currently being used 
successfully in the 70-hp Volvo 343 p«issenger car and in a single-belt 70 -hp Kawasaki snowmc*bile 
Average service life for the car belts is over 40,000 miles Also. Gates Rublvr has bevn testing relatixxly 
small experimental belts at 100 to 130 ho«>epower and projects 100,000- mile service life on an 
automobile -duly cycle Nevertheless, unlike the hydromechanical ccmcept. proof ot a V belt system 
suitable for a lOO-horsepcnver, single- shaft engine has yet to be shciwn Sc’*, even though the system is 
more suitable to volume automc>tive use. it does carry a development risk and should, therefeue. be 
accorded development priority. 
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then phase imo the dcsago. buddhig. Mid dcmowlralion of the goal en^ne and vehkie system. 


The development approach is to use three types of engine • a c o mbined turbomachmefy engine ng, a 
eioi fc hofse engine* and an experimental IGT engine. The combined turbomachinery rig is actually a 
nornegenerative engine which wdl be used to confirm the compressor and turbine perform anccs when 
these com p onents are combined to produce the sum of die ret|uired output and fegenerator drive 
power. Hie workhorse engine will be a smgle-sluH version of the Upgraded Engine with the 
turbomachmreycoi i flg m attons and staes of the IGT. ThketigliwwiU be used for final developmen t of 
the regenerator drive and seal systess* of die CVT and die control system* and of the ceramic com- 
pone nt s. The e xper im ental IGT engine design wdl emphasue efficient packaging and simpheity and 
win foature fig arid wofkhacse<^rig|rie-drreloped comporwrits. The fmal CVT design arid coiitrol sys- 
tern win be combined with this en gi ne. 


lnrhefifsltwoytars*anof the deveiopeserit for the 1040>Xr-tutbirie arid most of the dexel o pwicr g for 
the compressor will be cossple t e d . The turbine desig n wdl begin first followed immediately by the 
compressor design. Thedesign schedule is arranged so dial the compressor design takes place during the 
procurement for the turbine parts. It is plamied that co m piesAor develo p ment win be sufficietniy com- 
ideted for successful testing of dm coMibiriedturboiiiachmery fig* but the 1040>*C-tttrbiricdevelopiiiewt 
mustbefuUy completed. The combined turbomachinery rig wiU operate at cycle inlet temperature and 
woidd be irtifiivd to Hlnnify any problems caused by component mieraction in an engine-type 
enviiotmient. Compressor testing win co n t inu e into the last three yeats to explore extending the slate- 
of-the-ait in diffuser performance and feducing rotor inertia* and to rectify performance penalties 
imposed by the regenerator inlet housing configuration of the experimental program engine. The 
turbine activity will consist of the design and de v elopment of the itSCTC turbine. Two design 
configurations are antietpated. Rig de v elopmen t of both compressor and turbine are scheJuled through 
the beginning of the fourth year of the contract, with final engine development in the last two years. 

The large value of design rotational speed (04*100 ipm) will require careful design of bearings and shaft. 
A subcontract to MTl will support this effort, mainly in the prediction of critical speeds and in the 
development of an air bearing system The air bearing system is important to minimire parasitic los^ 
associated with high-speed shafts. A test rig at the subcontractor facility should be ope^^atioful by the 
third quarter of FY 1979, as indicated in Appendix C* to support this development. 

The elastomer-mounted ring gear of the regenerator will need some development fo* higher tem- 
perature operation. Reduced leakage and pressure drop will alsc be of prime importaiKe because of fuel 
economy sensitivity of these parameters. The test rig development goal will be to have a reliable 
regenerator system* capable of STHTC turbine exhaust temperatures, ready for workhorse engine testing 
in FV 1992 The workhorse engine is a single-shaft adaptation of the Upgraded Engine; see Task 7.0. 
The materials support effort for the workhorse regenerator system will be accomplished in Task 6.0. 

The hydromechanical CVT comes closest to an ideal transmission for the single-shaft gas turbine 
engine. In spite of the cost penalties involved* this transmission type still represents the only truly low- 
risk alternative CVT in the near tenn of this program. Accordingly* some funds will be spent on a 
contract basis to allow development work on an existing- hydromechankal CVT to continue. At the 
beginning of the program* Chrysler will issue an RFP pertaining to development of a hydromechankal 
CVT and control system that can be integrated with the proposed single-shaft gas turbine engine and a 
conventional, rear-wheel-drive vehkle. 

A belt -drive CVT test and development rig will be designed and built to subject candidate dnve belts to 
the appropriate regime of power levels* ratio schedules* duty cycie* arul environment antkipateJI in 
automotive transmission service. Bask questions pertaining to ratio control, and the influence of 
automotive loading conditions on tension and ratio variation must be defined and addressed Once a 
satisfactory belt drive CVT has been developed* a system destgiwd for the workhorse engine/vehicic 
will follow. The final belt drive CVT desigi; for the IGT system will evolve from vehkle and test cell 
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Ikrt be mmtifatedmiilKfWiiii illy with digH^ai>daii<log cowpiilgrsiiwJjitkins. A final CVT dw^ 

and coiilfol s y s tw witt be deAned and incocporaicd uHo the IGT expcnmenul engine. 

I >ee^op^l^n^ o^ a anilabte alloy c ompo a ition and pioceiringprocedttiewoMyreqtiife a joint program 
with P(|lWA. SKm tone tcrisile. croc|Hi«|ilure» LCF, and hot conoskm aamplea would be required. The 
poal tt ro provMiea flMlaiiic *adiai tttfbine ready for rig testing by late FY 1^1. as shown in Appendix C 

To caqpcdile cciMnc hnbine devciopincnt* a ainceiled eikirt wiB be nade to deliver e ptehnanaiy 
ceia nia c rotor design (for XMTC) to Cagfao nm dum by mad-F\-t9?9. Chrysler de si gner s wdl work 
dosefy with Opbomndm in a ddressin g sudi key design cons i der a ttons as binder bake-out 
lin#atwnT and rnoldingcpnstiainis dining the initial months ol the program. A spec i fied mnnbcr 
of rolois and rolor-kke shapes will be supplied to Chrysler for both nondestructive evaluation and 
for spin testing. Consideration shaft al^ be green to method s and p r oble m s assodaled with 
mokbng oomponerit parts of s m teied -SiC. as per eng i n e er ing drawii^ supplied by Chrysler. The 
largest part of this effort wil focus, howr\er. on the goal of successfully forming and sintering an 
im c gr a l radial rolor during FY*1979 and bV-1960. 

A subcontract will be issued to KBI lo investigate various as p e c t s of Hot bostatk Pressing of SiHcon 
Nitride HIP (Si^N^) technology, such as canrung/dadding/ encapsulation methods, pressure and tem> 
perature effects on denstficatioit. the effect of sintering aids on densificatton and elevated temperature 
properties, and size/shape fabrication capability. 

A test rig wtft be provided to siinuUte cngifieoperattiig gas temperature levels iiiduding transients. This 
will allow ceramic static parts to be t e st ed under conditions that may be varied to suit development 
requirements. Simulated radial rotors, as well as co mp l e t e varied rotors (to be supplied near the end of 
FY 1900). will be subjected to thermal shock in a modified version of the turbomachinery rig. Design 
changes needed for this area are scheduled to begin in mid-FV 1980. Test rig modifications will be 
completed near the beginning of FY 1981. which may allow a small number of parts to be tested during 
FY 1901. 

The design of a ceramic turbine rotor for 11S0*C turbine imet temperature will begin about mkl-FY 
1980. The test and development work will follow the steps carried out for the 1040*C rotor. This work 
will be corrducted in the last two years of the program. 

An oxkialion rig wiD alkm for the evaluation of the cheriikal and high ternperature effea €)f engifie 
gases on ceramic parts made of alpha silkon carbideaiKl/or various forms of silicon nitride. Effects 
such as surface degradatkm/erosion and strength after exposure will be correlated with such 
variables as time, temperature, gas flow rate, impurity dements in fuels, aini other possible 
varuMes. l^sign of su^ a r^ is to be completed by the end of FY 1979. Testing will commence in 
mid-FY 1900. 

A3 Appendix C contains detailed charts showing task and subtask timing, and milestone points, plus effort 

Task Definitions aird material cost estirrutes. Specific contents of the variems tasks are described in the following 

sections. 

Task 1.0 Adminisler Program 

This task will provide for constant project review, formal reporting and provide a channd for coirunu- 
nication in matters that may impact on the overall program. Program control will be maintained by 
monitoring technical progress aiul direction, task schedules, aird financial status. Close attention to 
progress made toward attaining program goals and specifications will help to maintain schedules, and 
provide early identification of problem areas. 

Task 2.0 Pielimiiury IGT ExpevimenUl Engine Design 

Preliminary layouts of single-shaft engine arrangements will be reviewed and modifications required 
for installation in a subcompact. 2750 lb. vehicle will he studied. Layouts will be made showing 
' proposed component designs (such as shaft and bearings, support structures, housing configuration. 

reduction gears, and regenerator and accessory drives). Revisions will be shown as detail design work 
progresses. 



During the uiitUl months of the protect* the pceliiiimuy design will be used to define detailed engine 
specifkations. These spedfkations will both define specific aerodynamic and mechanical component 
design constraints* and will define the type of testing* operating hours* and thermal cycles required to 
establish the desired component life* performance* and reliability. The specif katioiu are expected to 
change as the design process continues and will be updated accordingly. 

Task Aerodynamic Componeirt Devdopmenl 

This task consists of the design* procurement, test. aiuS development of the compressor arki turbine. 

Tile compressor will be designed for the flow siae of an engirw capable of delivering SS hp at U50*C 
turbine inlet temperature (TTT). However* it will also be used in the workhorse engine (1040*C TIT* 68 
hp) and the experimental IGT engine(U50*C TIT* 85 hp). since both engines will have the same design 
irossflow. The turbine designs will differ for each engine temperature* since the output power itKreases 
with TIT. 

Task 4.0 Mechankal Component Design and DeveiopmenI 

This task consists of the design ai%d development of the engirw shaft system, the reduction gears, and 
the regenerator aikl its seal system. The shaft and bearing arrartgement will be submitted to a subcon^ 
tractor for a complete dynamk analysis* including shaft stability and response. The subcontract urill 
also provide for a test rig simulation of the shaft N.ystem to assure satisfactory shaft and bearing 
performatKe throughout the engine operating range The reduction gear design applies only to the 
experimental IGT engine. Existing gear sets can be used for the c'ombined turbomachinety rig and the 

workhorse engine. The regenerator drive and seal system will be developed on a test rig and on the ' 

workhorse engine. 

Test S.0 C\T and Control Design and Development 

This task covers the procurement of and some development on a hydromechankal CVT*. the 
development of a belt drive CVT* a study of a traction drive CAT, and the malhemalical modeling of 
the engine and transmission control systems. Development of the belt drive C\T will begin with rig 
testing; final development testing will come from workhc>rse engine testing. 

Task 6.0 Develop and Utilize Improved Materials 

This txsk covers the materials aspect of the design and development work perfotmed for the 1 150*C and 
104C*C turbines* for the regenerator system, and for the insulation of the engine housing. The 
prpf*rrties of the high temperature materials influence the heat transfer paths and the structural 
integrity of the parts. Items covered in this task include the design and development of metallic and 
ceramic versions of these turbines, methods of shaft attachment, and the evaluation of fabrication and 
processing alternatives. Ceramic material development will start with a prcUminarv rotor design, fol- 
lowed by the design of the 1040*C rotor and then the \ 150*C rotor Tliis development will be assisted 
by heat transfer and stress analysis studies* followed by static rig tests of the stationary components in a 
thermal test rig, an oxidation rig. the combined turbomachinery rig* and the workhorse engine The 
metallic versions of these rotors will be designed first. To obtain the necessary strength, the RSR (rapid 
solidification rate) process of PkWA will be considered. 

Task 7.0 Evaluate and Develop Workhorse Engine 

Use of this workhorse concept will allow engine expenence much earlier in the pri>gram. Initial testing | 

will be primarily steady -state performance and endurance evaluatkn. Endurance testing will encom- 
pass the complete engine system* including ceramic components as they become available. 

Task 8.0 Design and Develop IGT Engine Regenerator System 

This will be a contiruation of the effort started under Tasks 4 and o. The ICT experimental engine 
regenerator drive system will be finalized utilizing information gained fn^m elevated temperature test- 
ing conducted under Task o. 

Any necessary test rig modifications will be made to accommodate IGT program components 
Regenerator system com|H>nents will be procured with initial tests being conducted on test rigs Em- 
phasis will be placed on long life* reduced system leakage* and regenerator effectiveness Since the test ^ 

rig will be configured like the engine housing, "real world" performance levels are .anticipated 



Task M I>cvtlop ICT Engine Burner Syilmi 

A test rig wiU be designed for low emitskm burner 4evek>pinent The rig conBguratk>n will be as much 
like the IGT engine configuration as possible. With this approach, subsequent engine emission test 
results should closely reflect test rig results. Both steady*state and transient emission testing will be 
conducted. 

Burner development normally entaUs many iterative loops of ''cutting and patching" before good tern- 
perature distribution, stabill^, and low emission levels can be obtained. Fw this reason, initial burner 
de v elopment (at lower temperatures) will be accomplished with metallic components (such as 
Lamilloy). A ceramic counterpart will follow emee a successful metallic design has been established. 
Remaining devriopment effort would be aimed at obtaining a successful ceramic version of the metallic 
burner suitable for IGT engine operation. This effort would be primarily concentrated on obtaining an 
acceptable level of dt|rability. 

Task lao iGT Ptogfum Ei^iue Dcsigii 

The IGT experimental engine design will emphasize efficient packaging, simplicity, and will feature rig 
and workhorse-engine-developed components. Whether or not a ceramic turbine will be incorporated 
will depend on the success of the brittle materiab design and development program. The ceramic rotor 
would have lower inertia than its metal counterpart, resulting in better rotor response. Once installed in 
a test vehicle, an engine with this low inertia ceramic rotor should provide improved driveability char> 
acteristics. A final CVT design and control system will be sp^fied and incorporated into the ICT 
experimental engine. 

Task llil Design IGT Pmgnun Engine Vdikle Installation 

This task will involve optimizing the engine • transmission - vehicle system driveability, fuel economy, 
and general customer appeal. A demonstration fleet will be prepared for v^kle system performaiKe 
evaluations. The primary objective of this task is to develop an IGT vehicle system with maximum 
consumer acceptability. 
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9.0 

CONCLUSIONS 


A study WAS conducted to determine the improved gas turbine powertrain configuration best suited to 
achieving a fuel economy which is 20% better than the value achieved with a spark-ignition engine in a 
vehicle with an inertia weight of 3500 pounds. Cycle analyses and detailed performance studies were 
carried out to determine concepts which would achieve the study goals. One concept was selected on 
the basis of fuel economy, cost, and low risk. A market application was identified, and a development 
plan was outlined. The results are summarized as follows: 

1. Best fuel economy was achieved with a single-shaft engine with a continuously variable 
transmission. 

2. Er^iws with more than one shaft have less fuel ecorromy because of parasitic losses and flow and 
heat leaks. 

3. The highest fuel ecorKuny with a single-shaft engine is achieved at a design turbine inlet tem- 
perature of 1350*C; the study goal was met at 950*C. 

4. Because of this, a development program could be planned around use of an advanced superailoy. 
With RSR metal, the design turbine inlet temperature could be 1150*C, and based on the calcu- 
lations in the study, the fuel economy would be 9% beyond the of the study. 

5. A development plan was outlined which would lead to a decision on production engineering by 
19S3. The engine would be designed for 85 hp (augmented). A hydromechanical CVT would be 
used, and the engine would have a metal radial turbine 

6. Long-lead technology was identifed for ceramic material for the radial turbine and for a belt drive 
CVT. The ceramic material would be needed to increase turbine inlet temperature to 1350*C and 
achieve maximum fuel economy. The belt drive CVT is needed for minimum noise and cost, as 
well as maximum fuel economy. 

All the conclusions are based on the assumptions of component efficiencies or values of regenerator 
effectiveness used in the study. However, the values which were used represent levels currently avail- 
able in the state-of-the-art. Consequently, the study results do not require advances in the technologies 
of aerodynamics or regenerator effectiveness. The same conservatism was applied to estimates of 
parasitic losses and flow and heat leaks. 
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TABLE 1 

Baseline 
Vehicle for 
Improved 
Automotive 
Gas Turbine 
Conceptual 
Design Study 


••Vehicle Class Compact 

Curb Weight 3100 lbs. 

Test Weight 2 100 lbs. 

* •Frontal Area 21.5 ft* 

••Wheel Base 109.5 in. 

Axle Ratio 2.70:1 

Tires ER78-14 

HP/WT Ratio (reference) 0.03 

Transmissions 3-Speed Automatic 

1st Ratio 2.5 to 1 

2nd Ratio 1.5 to 1 

3rd Ratio 1.0 to 1 

•*0-60 MPH Acceleration Time 15.0 sec. 

••Minimum Range. (Combined Federal Driving Cyde) 300 Miles 

1976 Fuel Economy (Combined Federal Driving Cyde) 19.6 MPG 

••Roominess Index* 273" 

••Hip Room 57" 

••Shoulder Room 55" 

••Trunk Space 16.0 ft.^ 


See Definitions Attached 


**IGT Characteristics 


TABLE 2 

~ 

I/raniDOOt 


1. Accessories « Engine-driven components, associated with vehicle operation but not requ'Ired for 
operation of the basic engine (e.g., air conditioner, power steering pump, etc.). 

2. Acccssocy Drives • Engine power devices providing power for the accessories. 

3. Auxiliarict- Components external to the basic engine required for proper engine operarion in an 
automotive application (e.g., fan, coeding system, starter, fuel control system, alternator, battery, 
etc.), 

4* Drivelraia - Aggregation of components necessary to transmit the engine power to the wheels 
(e.g., transmission, drive shaft, clutch system, axle, final reduction gears, etc.). 

5* Bask Engine - The basic power-producing unit without auxiliaries, or accessories. 

6w Engine System • The Basic Engine plus auxiliaries. 

7. Powertrain - The engine system plus drivetrain, and accessory drives. 

8. Poweitiain System - The powertrain plus any vehicle system elements necessary to make the 
powertrain function as an automotive powerplant (e.g., fuel supply system, exhaust system, 
battery contaiiunent, instnunents and gages, linkages, etc.). 

9. Chassis/Body • The diassis and body elements into which the powertrain system is integrated to 
form an automotive vehicle (e.g. frame, sheet metal, brake system, steering system, bumpers, 
interior, wheels, tires, suspension system, etc.). 

IOl Automotive Vdiide - A complete self-propdled vehkle (e.g., Otto spark-ignition automotive ve- 
hicle, Stirling automotive vehicle. Gas Turbine automotive vehicle, etc.). 

11. Roominess Index - To be furnished by the Government. 

12. Powertrain Thermal Efficiency - The ratio of axle shaft output power to energy content of the 
fuel consumed with appropriate conversions for unit consistency. The fuel energy content will be 
based on a gasoline equivalent (133,000 BTU/gal.). 


TABLE 3 


Turbine Section 


Split Nozzles 
Multiple Shrouds 

Manufacturing Tip Clearance Control 

Complexity Proximity to Bearings 


Gearing and Shafting 

Multiple Spools 
Balancing 
Shaft Dynamics 

Transmission 

Standard 


C.V.T. 


Simplified 


Controls Variable Geometry 

C.VX 

Multiple Spools 


TABLE 4 

Comparison of 
Part Quantities 



Radial 1-Shaft 

Interconnected 

3-Shaft 

Ceramic Burner and Turbine Parts 

7 

18 

High Speed Components 
Shafts, Bearings, Seals, Pinions 

9 

20 

Engine plus Transmission Gear Sets 

2 Simple 
2-to-3 Planetary 

4 Simple 
2 Planetary 

Variable Speed Unit 

1 

0 


Tables 3 & 4 


TABLE 5 

Powcrtnin 
Parasitic Power 
Losses 



2-Shaft Engine 

Single* Shaft Engine 

Idle Power 

Max Power 
•50% Speed 

50% Speed 

Bearing Power, HP 




Gas Generator 

0.84 

0.84 

1.58 

Power Turbine 

0.08 

0.54 


R’ duction Gears 

0.03 

0.08 

0.01 

Accessory Power, HP 




Oil Pump 

0.18 

0.47 

0.08 

Regenerator Dnve 

0.08 

0.22 

0.21 

Alternator 

0.42 

0.44 

0.42 

Power Steering Pump 

0.21 

0.52 

0.26 

Transmission Power, HP 




Transmission Pump 

0.21 

0.57 


Torque Converter (in Drive) 

2.45 

— 

1.49* 


*CVT (Pump, Gears and Bearings) 


TABLE 6 


Turbine Leakage % 


Listing of 
Leakage and 
Parasitic Power 
Loss for 
Various Engine 
Configurations 


Engine Speed % 

so 

60 

70 

80 

90 

95 

100 

SS 

4.1 

4.5 

4.8 

5.7 

5.5 

5,7 

5.8 

2s ?st Stage 

6.3 

6.0 

6.2 

6.8 

6.6 

6.8 

6.9 

2s 2nd S*^age 

3.4 

3.3 

3.5 

3.9 

3 7 

3.9 

3.9 

Total Parasitir Loss, HP 








SS 

2.3 

3.1 

4.1 

5.3 

6.6 

7.4 

8.3 

2s 

2.4 

3.6 

5.0 

6.3 

8.2 

9.0 

9.4 


SS - Single-Shaft Engine 
2s - Two-Shaft Engine 


Leakage = 


M. 


Ml = (Air 4- Fuel) Flow Rate 
Mk = Local Inlet Flow 


Tables 9 ft 6 


TABLE 7 

Turbine 

Efficiency 

CompariMn 

(Total-SUtic) 

Gas 

Generator 
Speed % 

3-Shaft 

Overall 

Turbine 

Efficiency 

Single 

Stage 

Turbine 

Efficiency 

2-Shaft 

Overall 

Turbine 

Efficiency 

100 

0.874 

0.852 

0.849 


80 

0^843 

0.845 

0.822 


50 

0.770 

0 805 

0.758 


TABLE 8 

Listing of 
Leakage and 
Parasitic Power 
Loss for 
Various Engine 
Configurations 


Turbine Leakage % 
Engine Speed % 

50 

60 

70 

80 

90 

95 

100 

SS 

4.1 

4.5 

4.8 

5.7 

5.5 

5.7 

5.8 

3s 1st Stage 

5.9 

6.1 

6.4 

6.7 

7.1 

7.2 

7 1 

3s 2nd Stage 

3.2 

3.4 

3.6 

3.8 

4.1 

4.1 

4.0 

2s 1st Stage 

6.3 

6.0 

62 

6.8 

6.6 

6.8 

6.9 

2s 2nd Stage 

3 4 

3.3 

3.5 

3.9 

3.7 

3.9 

3.9 

Total Parasitic Loss, HP 








SS 

2.3 

3.1 

4 1 

5.3 

6.6 

74 

8.3 

2s 

2.4 

36 

5.0 

63 

8 2 

9.0 

94 

3s 

3.2 

4.8 

6.6 

84 

10.9 

12.1 

128 


SS - Single-Shaft Engine 
2s - Two-Shaft Engine 
3s - Three Shaft Engine 


Leakage 


M, - M 

__J X 

M, 


Ml = (Air Fuel) Flow Rate 
M> = Local Inlet Flow 


Tables 7 & 8 


TABLE 9 


Gu Generator 
Speed % 


T%vin*Spool 
Preesute jtatio 


Single-Stage 

Compariaon 


% Increase 


Pressure Ratio 

Comparison so 2.926 2.76 6.0 

50 1.576 1.54 2.3 



TABLE 10 

Comparison of 

Acceleration 

Times — 

Single-Spool 

Versus 

Twin-Spool 

Gas Generator 


Shaft Configuration Time (sec.) to Accelerate to; 



80% 

100% 

Single*Spool 

0.79 

1.14 

Twin-Spool 



From 41% Outer- Spool Speed: 



Outer-Spool 

1.42 

1.82 

Inner-Spool 

1.85 

2.42 

From 51% Outer-Spool Speed: 



Outer-Spool 

0.74 

1.12 

Inner-Spool 

1.23 

1.80 


A 



Tables 9 A 10 





TABLE 11 


Hardware Category - Cost Perccstages 


Pidimiaary 

Estiaialeof 

Manafacturing 

Costs 


Hoosiog Redoctioa 


Concept 

Insulation 
Arrangement Assembly 

Turbo- 

Machinery 

Regene- 

rator 

Gear 

Tnns. 

Cost 

Ratio 

Cost Effective 

VXCV VJPXN- 






Upgraded Engine 

icLs 

27.5 

36.4 

10.7 

17,4 

1.00 

102T F 

OU1PUT 






Maninitin Upgrade - 2100* F 






V.P.T.N. 

oc’TPirr 

25-3 

34.7 

13.5 

17.4 

.91 

Inters 

VXC.V. 






Connection 

25.3 

27.2 

13.5 

23.2 

.09 


2 1 fic’in.1 






Two^shaft - 2500* F 

VXC.V. v-e.TJv. 






Conventional 4:1 

S[?_p 

OLTPtT 

23.6 

36.4 

10.3 

17.4 

.00 


V.I.GA. V.P.T.N 






Conventicnai 6:1 

iSi;9li)ggipg^ 

23.6 

43.3 

9.0 

17.4 

.93 


OtTPUT 






P.T. First 4:1 

OUTPUT 

VI.C.V. T 1 1 

, T LJ V.C.T.N. 

^ ^ t__P 

21.9 

36.4 

10,3 

17.4 

.06 

P.T. First 6:1 

OUTPUT 

V .I.C.V. T 1 — 1 
, -1 1 I V.C.T.V 

OPI599 

21.9 

43.3 

9.0 

17.4 

.92 

Single-shaft - 2500* F 

V I.C A 






Radial 4:1 

' 

OUTPUT 

23.6 

24.4 

9.7 

19.5 

.77 

Axial 4:1 

V.I.G.V. 

oZliP 

23.6 

26.9 

10 2 

19.5 

.00 


OUTPUT 






Twin Spool 4:1 

99 

23.6 

26.1 

10.2 

19.5 

79 


OUTPUT 






Three-siiaft - 2500* F 

V.I.C.V. V.P.TA. 

3 Axial 4:1 ^ 

OtTPUT 

25.0 

40.3 

10.2 

15.2 

.91 



TABLE 12 

Estimates of 
Variable 
Mamifactoriag 
Coat Percentages 
By Tnibiiie 
Engiiieand 
Hardware Category. 


135IPCT.I.T. 
Except as Noted 

1976 Dollars 




oter-y 

CEUE* 

imrc 

3 

Shaft 

2 

Shaft 

Sii«lc 

Shaft 

Radial 

HoUttflg 

24.6 

23.1 

22.7 

23.5 

Turbomadiiiicry 

23.0 

28.4 

24.8 

18.3 

Reduction Gear and Transmission 

21.0 

18.4 

21.2 

19.8 

Regenerator 

17.6 

12.0 

12.0 

12.0 

Controb 

13.9 

13.9 

13.9 

8.9 

Tout 

100.1 

95.8 

94.6 

82.5 


*CEUE » Cost Elective Upgraded Engine 


TabI- 12 




TABLE 13 


Put Com 
D istriboHon 



Base 

CEUE* 

% 

3 

Sluft 

% 

2 

Shaft 

% 

1 

Shall 

% 

Hoosiag AsscnMy A Aacillaric* 
Engine Housing 

4.7 

3.8 

3.8 

4.3 

Insulation 

8.S 

6.5 

6.5 

74 

Miscellaneous Items 
Mounts-Support Brackets 

0.3 

0.3 

0-3 

0.3 

Dump Valve, Heater Connector 

0.3 

0.7 

0.7 

0.7 

Engine Build Up 

1.0 

1.9 

15 

1-0 

Ignition Exciter & Cable 

0.4 

0.4 

0.4 

0.4 

i\uxiliarie$ 

Alternator 

1.6 

1.6 

1.6 

1.6 

Starter 


2.1 

2.1 

2-1 

Clutch Drive on Rotor 
Bendix Clutch Shaft 
Starter, Bracket, Reduction Gear Box 
Pulley, Belt, Adjusting Bolt 
Accessories 
Power Steering Pump 

2.0 

0.1 

0.9 

1-"* 

1.2 

1.2 

Burner Assembly 
Cover Assembly h Miscellaneous 

0.4 

0.4 

0.4 

0.4 

Tube 

3.3 

3.3 

3.3 

3.3 

Torch Chamber & Nozzle 

0.3 

0.3 

0.3 

0.3 

Premixer & Injector 

0.6 

0.6 

0.6 

0.6 

TOTAL 

24.6 

23.1 

22.7 

23.5 

Turbomachinery 

Variable Power Turbine Nozzle 

6.1 

6.1 

6.1 

2.0 

Assemble Gas Generate. 

0.4 

0.7 

0-7 

0.7 

Gas Generator Support Casting 

1.2 

1.2 

1.2 

1.2 

Rear Bearing Carrier 

06 

0.6 

0.6 

0.6 

Vortex (Plenum) 

5.4 

5.4 

5.4 

5.4 

Gas Generator Turbine Nozzle 

1.9 

1.9 

1.9 

1.9 

Assemble Gas Generator Rotor System 

0.1 

0.1 

0 1 

0.1 

Gaf Generator Turbine Wheel 

1.4 

0.9 

0.9 

1.4 

Sleeve 

0.2 

0.2 

0.2 

0.2 

Compressor Impeller 

0.5 

0.5 

0.5 

0.5 

Compressor Inducer 
Front Bearing Carrier 

0.4 

0.4 

0.4 

0.4 

Compressor Cover 

1.2 

1 2 

1.2 

1.2 

Variable Inlet Guide Vanes 

0.5 

0.5 

0.5 

0.5 

Bolts, Oil Drain Tube 

0.3 

0.3 

0.3 

1.9 

Air Intake Housing 

02 

0.2 

0.2 



Power Turbine Bearing Support Assembly 

0.6 

0.6 

0.6 

— 

Power Turbine Rotor 

— 

4.0 

4.0 



Wheel 

1.8 







Sleeve 

0.1 







Assemble Sleeve & Pinion 

0.1 







Third Turbine Wheel & Shaft, Nozzle 



3.5 





TOTAL 

23.0 

284 

24.8 

183 

Reduction Gear & Transmission 

Assemble 

0.3 

0.9 

0.3 

03 

Housing k Cover 

2.4 

2.7 

2.4 

1.8 

Housing k Cover Miscellaneous 

— 

0.2 

02 

— 


'CEUE = Cost Effective Upgraded Engine 


Table 13 


TABLE 13 


Part Cost 

iJiMnoiiuoii 

(contmncd) 



CEDE* 

% 

S 

Shah 

% 

2 

Sluft 

% 

1 

Shah 

% 

KcdacliM Gear A TiaaHaiMiea feeat) 
Regenerator Drive Components 


1.2 

1.2 

1.1 

Pinioii 

0 ^ 

— 

— 

— 

Worm 

1.1 

— 

— 

— 

Gear dt Shah Assemblies 

— 

— 

— 

— 

Intennediate Gear 4 Shah 

1.5 

— 

1.5 

— 

Pinion 

0.1 

— 

0.1 

— 

Pinion Miscellaneous 

0.1 

— 

V 1 

— 

Output Shah 4 Gear 

1 .S 

— 

18 

— 

Ancillary Drive Assembly 

0.7 

— 

0.7 

— 

Air-Oil Separator 

0.1 

0.1 

01 

0.1 

Oil Pump 

0.7 

0.6 

06 

0.4 

Air Pump Surge Tank 4 Miscella: ecus 

Electric Qutch Assembly 

Oil Strainer. Pan. Filler. Level Indicator. Filter 

0.3 

0-3 

0.3 

0.4 

Transmission 

12.0 

3.5 

120 

12.6 

1976 Base Cost 
Input Drive Pbte. Lock-Up 
TOTAL 

21.0 

18.4 

212 

19 8 

Regenerator 

— 

12.0 

12.0 

— 

Inner Rub Seals 

4.8 

— 

— 

3.6 

Outer Rub Seals 

2.4 

— 

— 

1.8 

Core Assembly 

— 

— 

— 

— 

Core 

8.8 

— 

— 

5.3 

Rim Drive 

0.4 

— 

— 

0.3 

Cover 4 Bolts 

1.2 

— 

— 

11 

TOTAL 

17.6 

12.0 

12.0 

12.0 

Controls 

Electronic Control Unit 

4.5 

4.5 

4.5 

4.5 

Actuators 

Variable Power Turbine Nozzle 

4.7 

4.7 

4.7 


Variable Inlet Guide Vanes 

2.0 

2.0 

20 

2.0 

Sei^sors 

Gas Generator Speed 

0.4 

0.4 

0.4 

0.4 

Power Turbine Speed 

0.3 

0.3 

0.3 

— 

T 5 Sensor 

0.7 

0.7 

0.7 

0.7 

Fuel Metering Valve 

1.2 

1.2 

1.2 

1.2 

TOTAL 

13.9 

13.9 

13.9 

8.9 


*CEUE = Cost EtYective Upgraded Engine 


Table 13 (continued) 



TABU 14 
Ei^iiieCosI 

UlStllDUtlOII 

By P^fccAl 


Cost Omfideiice Level 


Single Shell Two Shall Thiee Shall 

Engine Engine Engine 


Calcgofy 

^ligh Med. Low 

High Med. Low 

High Med-Uw 

Housing Assembly AnciHaiies 
Engine Housings Accessories. 

Starter, Burner & Misc. 

Housing Insulation 

15.5 

8.9 


13.6 

6,9 


13.8 

6.8 

Silicon Carbide Burner Tube 



4.0 



3.5 


35 

Turbomachinery 
Nozzles. Shrouds A Plenum 



11.4 



12.3 


12.7 

Wheels 



1.7‘* 



51‘* 


14 2.3* 

Support Structure A Misc. 


7.0 


8.8 




13.2 

Molybdenum Fasteners 



20 



— 


— 

Regenerator 

Core 

Spray Metal Seals A Cover 

7.9 

6.7 


6.9 

5.8 


6.8 

5.8 

Reduction Gears A Transmission 
Housing A Cover. Oil Pump A 
Miscellaneous 
Reduction Gears. Bearings. 

3.7 



4.0 



4.9 


Shafts A Regenerator Drive 


5-0 



5.7 



10.6*** 

Transmission 


15.3 


12.7 



37*o*o 

Controls 

Electronic Control Unit, 









Actuators. Sensors A Fuel 
Metering Valve 


10.7 



14.7 



14.5 

Tout 

27 1 

53.6 

19.1 

37.2 

41.9 

209 

29.2 

52 3 18.5 


* Burner Tube Listed Separately on Line Three. 

* * Silicon Carbide Ceramic Wheels. 

Contains Feedback Gears and Shafts. 
Planetary Gears. Wet Clutch and Band. 


TABLE 15 


Engine Speed, RPM 
Erection 


Singk Shaft 
Engiiie 


Coacep Engiac 


Aiabicnt 
CoiHlilkw; 85*F. 
14.«MrSIA 


47.150 

.5 


56,580 66.010 75,440 84,870 89,585 94J00 

.6 .7 .8 .9 .95 1.0 


Compressor Pressure Ratio 

1.54 

1.83 

2.22 • 

2.76 

3.44 

3.80 

4.185 

Component Effidenqr 








Compressor 

.760 

.785 

.800 

.800 

.795 

.785 

.770 

Turbine 

.805 

.815 

.829 

.840 

.850 

.852 

.852 

Burner 

.908 

.998 

.999 

.999 

.999 

.999 

.999 

Regenerator 

.957 

.948 

.939 

.928 

.916 

-911 

.905 

Parasitic Loss, HP 

2.30 

3.14 

4.11 

5.28 

6.64 

7^3 

8.28 

Output Power, HP Net 

7.38 

14.79 

25.97 

41.74 

62.22 

69.70 

77.0 

Fuel Flow Lb/Hr Gasoline 

4.37 

6.91 

10.57 

16.11 

23.58 

27.04 

31.11 


Specific Fuel Consumption 


Lb/Hp-Hr 

.592 

.467 

,407 

.386 

.379 

.388 

.404 

Gas Flow, Lb/Sec 

Station 1 

.247 

.323 

.412 

.534 

679 

.743 

.819 

3 

-239 

.313 

.399 

.517 

.657 

.718 

.797 

4 

-237 

.310 

.395 

.509 

-649 

.709 

.782 

5 

.239 

-312 

.397 

.511 

.652 

.712 

.785 

8 

.244 

-319 

.407 

-527 

,671 

.733 

.809 

9 

.246 

.322 

.411 

.531 

.679 

.744 

.820 

Pressure. PSIA 

Station 1 

14.67 

14.66 

14.63 

14.60 

14.54 

14.51 

14.48 

2 = 3 

22.60 

26.82 

32.49 

40.29 

50.03 

55-14 

o0 58 

4 

22.43 

22.63 

32.28 

40.06 

49.80 

54.91 

00.35 

5 

22.06 

26.11 

31.60 

39.19 

48.75 

53-77 

59.14 

8 

14.98 

15.10 

15.26 

15.48 

15.79 

15.97 

16.17 

9 

14.73 

14.76 

14.81 

14.90 

15.02 

15.10 

15.20 


TaUe 15 




TABLE 16 
Engine 

Chancterization 
ScKematk 
StatioB Notation 

Stable Shaft 



Heat Leaks 


Compressor 


Flow Leaks 












TABLE 17 

Improved 
Attloiiiolive 
Gas Tuibine 
Study 

Single Shaft 
Engine 

4 J:1 Pressure 
Ratio 



•S' 

2 

V) 





9t 

2 



OB >p 

in in 

40 CO 



CO m 

s s 




s !Q 

8 8 




u 


Tabic 17 


Aug. = Augmented NS - Specific Speed ‘Back-Up 

jmh. = Combined t -= Occurs Between 70 and 80% Speeds 

WcF ~ Compressor Massflow = Occurs at Design Speed 









Variatioii of 
Component 
Effickndes and 
Turbine Inlet 
end Outlet 
Temperatures 
With Gas 
Generator Speed 
for Improved 
Upgraded Engine 


Efficiency, Percent 

90 -1 


Compressor - Turbine efficiency 
(Total • tutai) 


Compressor Effideiwy 
(Static - total) 


Power Turbine Efficiency 
(Total - static) 


Degrees 
F. C. 


Compressor - Turbine 
Inlet Temp. 


Power Turbine 
Exit Temp. 


Percent Gas Generator Speed 



Figure 1 




Figure 2 


Notes: 

1 Actual No. of Compressor and Turbine Stages was Varied 

2. V.I.G.V. = Variable Inlet Guide Vanes. 

3 . V.P.T.N. = Variable Power Turbine Nozzle. 

4 . Output = Power to Trans., Etc. 














Highway Drive 
Cycle 


Urban Drive 
Cycle 


PeKcnt of 
Total Duty 
Cycle Time 




Figure 3 


Single-Stage 
Centrifugal 
Compressor 
Polytropic 
Efficiency vs. 
Specific Speed 



.2 c5 *- 


•si 8 

£ UJ r-> 


Specific Speed — [NVwp/CAH'y''"]CT/i ./Pi/P,)' 






Pressure R* 






Variation of 
Centrifugal 
Compressor Stage 
Efficiency Loss 
With Reynolds 
Number 


From: Trans. ASME 
Ju?y, 1973 

1 • Efficiency 



Reynolds No. = 

U - Rotor Tip Speed, ft/sec 
D - Rotor Tip L.ameter, ft 
p - lr*et Stag. Density, Slugs/ft^ 
fl - Viscosity, slugs/ft-sec 


Siqglc-Stage 

Ccntrifngal 

Ompmsor 

EfBdency 

Range 



(' "f AT-6iOO-R7) 
r.ige 2-3 


ORfQINAl 

^ POOR 



Figure 


Pressure Ratio 






Measured Work, BTU/Ib 








NASA TN D-6605 


Variation of 
Efficiency With 
Specific Speed At 
Equivalent Design 
Speed With Best 
StatOT'Rotor 
Combination 


Total Efficiency, 



I I I I \ I I I I 

30 40 50 60 70 60 100 110 

Specific Speed, N 5 . <qpm)(ft3/4)/sec^-'’ 

(a) Total Efficiency 



I I I I I I I I I 

30 40 50 60 70 60 PC 100 1 10 

Specific Speed, Ns- (rpm)(ft^'-*)/sec*/‘ 

<b) Sialic Efficiency 


Figure 9 


4 

















Figure 11 




Figure 12 






Bask Types of 
Traction Drive 
CVT 


Ring cone with Planetary 


A nonrotating metal ring makes contact speed nuy be at one end of the speed range 

with tapered rollers. Drive ends of rollers or at mid-range, providing a reversible 

are planet members engaging a planetary drive, 
ring connected to the output shaft. Zero 



Control ring moves along 



Input shaft rotates 
roller carrier 


Toroidal Drive 

Has had a great deal of attention over the 
years and has been the subject of more 
patents than any other type. Practical 
models are limited to light-duty instrument 
drives, but automotive and industrial 
variations are now under development. 
This drive has the potential for serving as 
automatic transmission in light 
automobiles 


Input disc 



toroidal cavity 
determines drive ratio 


Tilt of <pool-\hapeJ roller determines drive ratio. 


Figure 13 






Cone Roller 
Toroidal Drive 



of Zero Spin 

2 Rollers 


J 


Toroid 
3.125 Radius 


X 


CVT Regenerative 

Transmission 

Overall 

Transmission 

Efficiency 

(For Sin^e Shaft 

Automotive 

Gas Turbine) 



To 

Differential 


Equivalent 

Gear 

Traction Drive 
Variable Ratio 

Speeds 

(Planetary) 

Annulus 

Sun 

Output 

Overall 

Efficiency 

1st 

0.42 - 0.56 1 

6561 

19685-14805 

0-1223 

62% 

2nd 

0.56 - 0.751 

6561 

14805-11083 

1223-2155 

80% 

3rd 

0 75 - 1.31.1 

6561 

11083-6286 

2155-3358 

92% 

4th 

1 31 - 3.00- 1 

6561 

6286-2729 

3358-4249 

97% 

neutral 

0.419:1 

6561 

19685 

0 

— 

reverse 

0.41 - 0.33.1 

6561 

1^655-25252 

0 -(-)1396 

— 


Note: Traction Drive is assumed to be 80% efficient. 
(Turbine Speed 100,000 RPM) 

’Additional Parasitic Losses- 1.5 HP at 50% Engine Speed 

3.2 HP at 100% Engine Speed 


* 


Figure 15 





Figure 17 










Figure 19 









Olshansky 
2nd Genera tio 
Three-Range 
Hydromcchankal 
TiansmisskHi 


Per Cent 
EffkieiKy 




Olshansky 
Hydfomcdiankal 
Transmission 
Effklency 
at 35 HP 


Effkiaicy,« 



Figure 22 





Olshansky 
Hydromcchankal 
Transmission 
Efficiency 
at 10 HP 


Efficiency, % 



Figure 24 


Sustraad 

"Responder" 

Hydiomeduiiical 

Transmission 

Efficiency 

AtFnU 

Rated Power 


Efficiency. % 



l^igure 25 






Variable Chain 
Drive CVT 



varying effective diameters changes speeds 



Figure 27 










I 


Variable Speed 
Drive Chain 
Antrieb Wemer 
Reimers A.G. 



Continuously 
Variable Ratio 
Transmission 
Efficiency 

Efficiency, 
Percent 
100 


QO 


80 





91 HP 

Single-Shaft 
Gas Turbine 
with 10 Speed 
Transmission 

Engine Speed 
Ratio vs. Vehicle 
Speed Curve 


Figure 30 


CilMf No 

\ 

2 

3 

4 

5 

o 

7 

8 


10 

('•IMI R.lllO 

301 

2t>3 

173 

124 


Lii-. 

ol 

52 

t2o 

3S 


Engine Speed 
Ratio 





Fuel Economy 
Variation with 
Design Pressure 
Ratio 


Turbine Efficiencies for Max. Devel. Effort 
— Compressor Efficiencies for Max. Devei. Effort 
Compressor Efficiencies for Min. Devel. Effort 

Combined Fuel 
Economy, MPG 


Fuel Economy 
Goal 


1350*C 

(2462‘F) 


Constant Power Turb. 
^ Exit Temp. 


1052*C 

(1925*F) 


\ Constant Power Turb. 

^ Exit Ttimp. 


Design Pressure Ratio 


Figure 31 




Composite 
Fuel Economy 

91 HP Single- 
Shaft IGT 

3500 Lb. Inertia 
Weight & CVT 


Composite Fuel Constant Power Turbine — Avg ot Curves 

Economy, MPG Exit Temperate Schedule Induatcd by Arrows 

(Gasoline) 



Design Poin* Pressure Ratio 




Two*Shaft 
Improved Gas 
Turbine 

Fuel Economy 
Variation with 
Design Pressure 
Ratio 


Turbine Efficiencies for Max. Devel. Effort 

' Compressor Efficiencies for Max. Devel. Effort 
— — — Compressor Efficiencies for Mir. Devel. Effort 


Combined Fuel 
Economy. MPG 



Design Pressure Ratio 




Preliminary 
Desigi Turbine 
Sections for 
2-Shaft Engines 
with Power 
Turbine Placed 
1st and 2nd in 
Flowpath; 
Compressor 
Pressure Ratio 
Equal to 6:1 



I 


Figure 34 


Power I urbine 





Preliminary 
Design of Turbine 
Sections for a 
Single*Shafl 
Engine; 
Compressor 
Pressure Ratio 
Equal to 4.2:1 



p 

(2 


I igiirc 


Shaft Speed = 93000 RPM 




Prdimiiury 
Design of 
Comptcssor 
Section for 
3-Shafl Engine 
with Twin*Spool 
Gas Generator; 
Compressor 
Pressure Ratio = 4.2:1 
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APPENDIX A 

Vehicle and 
Duty-Cycle 
Quuactcrislks 


The vehicle fuel economies were determined by calcuUang the amount of fuel that Would be consumed 
during each second while operating a vehicle according to the EPA Urban and Highway Dynamometer 
Driving Schedules, as described in Volumes 41 and AZ of the Federal Register. 

The composite urban cycle fuel economy was calculated using the actual vehicle distance traveled, 7.45 
miles, rather than the 7.5 miles specified for pre-l97S model-year vehicles, consistent with the more 
recent federal regulations. The fuel used during the first 505 seconds of the drive cycle, the transient 
phase, was weighted by a 47^-percent la«tor for a cold-start condition and a 57>percent factor for a 
warm-start condition. An increment of fuel was added to the fuel usage calculated for warm-engine 
operation to represent the amount required to bring the engine to operating temperature. This 
transient-phase fuel flow was added to the stabilized-phase fuel flow, representing the remainder of 
the 1371 -second drive cycle in calculating the composite urban cycle fuel economy. 

The higlrway cycle fuel economy was calculated using the actual vehicle distance traveled and the 
warm engine fuel usage for the 765 second highway driving schedule. The engine deceleration fuel 
usage was assumed to be equal to the engine idle fuel usage for both drive cycler. 

The combined federal drive cycle fuel economy was calculated by harmonically weighting the com- 
posite urban and highway cycle fuel economies on a 55-and and 45-percent basis, as follows: 

Combined fuel 1 

Economy, mpg = 0.55 -h 0.45 

Urban fuel economy, mpg Highway fuel economy, mpg 

The fuel properties used for the calculations we 2 those specified by the EPA Certification Division for 

unleaded gasoline, 6.167 pounds per gallon and 1 14,107 6TU per gallon lower heating value rather 

than the 133,000 BTU per gallon fuel specified for this design study. This provides a consistent basis for 
the intended thermal efficiency comparison. 

The vehicle specification for the study is shown on Tables 1 and 2 . This vehicle is in the 3500-pound 
inertia -weight class category, as specified in the Federal Register The specified dyiumometer power 
absorption setting for the inertia- weight class (11.2 horsepower at 50-miles-per-hour road-load) was 
used for the calculations. Fhe reduced road -load power requirements of alternate vehicles was not 
considered in determining powertrain thermal efficiency improvements. 

The vehicle drive- shaft force required at road -load operation on the chassis dynamometer at the speci- 
fied setting is given by the following formula developed at Chrysler Corporation, 

F = 49.4625 + 0.05114 X U a- 0.00238 X U' + 0.04682 X U» 

F = Pounds force 
U = Vehicle speed, miles per hour 

The vehicle dhvetrain used for the maiority of the powertrain arrangements consisted of the following: 
tires - FR78 X 14, 800 tire revolutions per mile (45 miles per hour) 
rear axle ratio - 3.231 

transmission - 3-speed automatic with transmission pump; 2.45. 1.45 and 1:1 forward gear ratios 

torque converter - 10.75 in. diameter, with lock-ur at first-to-second gear-shift point 

The efficiency losses and rotating inertias associated with the above components as well as those of the 
vehicle power-steering pump were included in the vehicle fuel economy calculations The power steer- 
ing pump power requirement was that for vehicle straight-ahead operation 
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PirrHoilnofy 
PMs List, 
Sii«|e-Shjrfl 
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9»*2131 
DMcd 9-7-78 


001 Assembly, Engme Housang I 

002 Housing, Engine Machining 1 

003 Insulation, HSG Bulkhead^Front UH I Fibrous 

004 Insulation, HSG Bulkhead-Front Ril I Fibrous 

005 Insulation, HSG Bulkhead-Front Upper I Fibrous 

006 Insulation, HSG Bulkhead-Front Lowtr I Fibrous 

007 Insulation, HSG Burner-Front I Fibrous 

008 hisulation, HSG Burner-Rear I Fibrous 

009 Insulation, HSG Burner-L.H I Fibrous 

010 Insulation, HSG Burner-R.H 1 Fibrous 

OH Insulation, HSG Bulkhead Rear LH. 1 Fibrous 

012 Insulation, HSG Bulkhead Rear R.H 1 Fibrous 

013 Insulation, HSG Bulkhead Rear Upper 1 Fibrous 

014 Insulation, HSG Bulkhead Rear Lower 1 Fibrous 

015 Insulation, HSG Rcgen. X-Ann-Upper 1 Fibrous 

016 Insulation, HSG Rcgra. X-Arm Lower ; Fftwous 

017 Adhesive, Molded Insulation AR 

018 Seamfiller, Molded Insulation AR 

019 Coating, Abrasion Resistant AR 

020 Seal, Regen. Pinion Shaft 1 Carbon 

021 Spring, Regen. Piaion Shaft Seal Etc 1 Steel 

022 Screw, Regen. Pinion Shaft Seal Ret 3 Steel 

023 ClVasher. Regen. Pinion Shaft Seal Ret 3 

024 Dowel, Regen. Pinion Shaft Seal Supt 1 Steel 

025 AssemMv, Fuel Dump Valve See Fig 1* 1 

026 Body, Fud Dump Valve I 302SS 

028 Spring Fuel Dump Valve I 31oSS 

029 B'll Fud Dump Valve 1 304SS 

030 Sleeve, Fuel Dump Valve « 304SS 

031 Washer, Fuel Dump Valve 1 Copper 

032 Assembly Heater Conn, Elbow See Fig. 2 I 

033 ElK>w, Heater Connector 1 304SS 

034 Flange, Heater Connector Elbow I 504 SS 

035 Gasket, Heater Connector Elbow 1 Asbestos 

036 Bolt, Heater Connector 4 Steel 

037 ClA^asher, Heater Connector 4 Steel 

038 Sensor, T-S Temperature See Fig. 3 1 STD 

039 Gasket. T-8 Temp. Probe 1 Asbestos 

040 Bolt. T-8 Temp. Probe 2 Steel 

041 C'Washer, T-8 Temp. Probe 2 Steel 

042 Filler, T-8 Temp. Sensor Air Not Used 1 STD 

043 Plug, T8 Temp. Probe Air Hole 1 Steel 

044 Stud. Regenerator Cover 4 Steel 

045 Screw, Regen Seal Locating 4 Steel 

046 Pin, Regen. Seal Indexing 1 Steel 

047 Bo!t. Ufting Lug Hole 3 Steel 

048 C'Washer. Lilting Lug Hole 3 Steel 

049 Assv. Engine Front Support Brke»-LH See Fig. 4 1 

050 Bracket, Engine Front Support -LH 1 Sted 

051 Assembly, Insulator Bushing 1 

052 Assembly. Engine Front Support Brkt. RH 1 

053 Bracket. Engine Front Support- RH I Steel 

054 Assembly Insulator Bushing I 

055 Bolt. Eng. Front Supt Brkt. Assy 4 Sled 

056 Coned Washer Eng. Front Supt. Brkt 8 Steel 


•See Appendix •’Molded Rubber and Steel 
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Singk-SKaft 
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Chrysler Layout 
951-2131 
Dated 9-7-78 
(conthmed) 


057 Nut. Eng. Front Supt. Brkt 4 Steel 

058 Assembly* Gas Generator 1 

059 Assy. Comp. Bearing Housing 1 

060 Housing. Compressor Bearing — 1 NOO O 

061 Seal. Comp. Brg. Hcusii^ 1 Carbon 

062 insulation. Compr. Big. Hsg 1 Fibrous 

063 Ring. Compr. Brg. lisg. Seal 1 Steel 

064 Support Turbine Shroud 1 HAST X 

065 Bolt. Shroud Suppt. to Seal Supt 3 Super Alloy 

066 Shroud Turbine Front 1 SiC 

067 Insulation-Front Shroud I Fibrous 

068 Assembly. Bearing See Fig. 5 1 

069 Cartridge * Gas, Gen. Rotor Brg. 1 Steel 

070 Bearing - Gas Gen. Rotor (Air Foil) 1 See Fig. $ 

071 O Ring. Big. to Big. Hsg 1 PTFE 

072 Ring, Brg. Retaining 1 Steel 

073 Shaft. Rotor Rear 1 Steel 

074 Assy. Seal H«..using I 

075 Housing - Rotor Seal 1 Steel 

076 Seal Rotor 1 STD 

077 '0"-Ring Seal Hsg. to Compr. Brg. Hsg 1 PTFE 

078 Ring Seal Hsg. Retaining 1 Steel 

079 Assy. Turbine Wheel 1 

080 Wheel Turbine (Ceramic) 1 SiC 

081 Ring Turbine Wheel I Cermet 

082 Shaft Turbine Wheel 1 Steel 

083 Shroud Turbine Rear 1 SiC 

084 Spacer Seal Support 1 Muliite 

085 Support Bulkhead Seal 1 NOD O 

086 Ring Bulkhead Seal 1 NiResist 

087 Nut Shr Supt. to Seal Supt Bolt 3 Superalloy 

088 C- Washer Shr. Supt to Seal Supt Bolt 6 Superalloy 

089 Insulation - Rear Shroud 1 Fibrous 

090 Insulation - Seal Supt. Spacer 1 Fibrous 

091 Insulation - Shroud Support 1 Fibrous 

092 Plenum Burner I SiC 

093 Insulation Compr. Brg. Housing 1 Fibrous 

094 Assv, Compr. Impeller 1 

095 Impeller - Compr 1 Aluminum 

096 Shalt - Rotor Front 1 Steel 

097 Washer Rotor Front Shaft 1 Steel 

098 Nut Rotor Front Shaft 1 Steel 

099 Cover Compressor 1 NOD O 

100 Ring V.I.G.V'. Control 1 Steel 

101 Vane Variable Inlet Guide 13 Steel 

102 Arm V^ariabU* Inlet Guide Vane 13 Steel 

103 Nut Variable Inlet Guide Vane 13 Steel 

104 Washer Variable Inlet Guide Vane 13 Steel 

105 Cover Collector 1 NOD Cl 

lOfc Pm G G Cevet to Brg. Hsg 2 Steel 

107 Bv^lt G.G. Cover to Shr. Supt 12 Steel 

108 C -Washer G.G. Cover to Sur. Supt 12 Steel 

109 'O'-Ring G.G Cover to Red. Gr. Hsg 1 Viton 

110 Bolt GG Cover to Red. Gr Hsg 10 Steel 

111 C-Washor GG Cover to Red. Gr. Hsg 10 Steel 
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Part No. 

No. Part Name Req^d Material 

112 Aaeewbty^ Rednctioii Geer and Swp 1 

113 Ai»y, Red, Gear Hsg. and Cover 1 

114 Housing Reduction Gear 1 Aluminum 

115 Bearing Rotor Shaft Front 1 STD 

116 Bearing Pii. Rear 1 STD 

117 Seal Rotor Shaft Front 2 

lie Cover Red. Gear Housing 1 Aluminom 

119 Bearing Pinion Front 1 STD 

120 Pin Cover to Hsg. Dowd 2 Sted 

121 Plug Oil Press. Line 6 Sted 

122 Plug Air Press. Line 2 Sted 

123 Pin Red. Gr. Hsg. to Accy. Dr, Supl 2 .Sted 

124 Assembly. Accessory Drive Support 1 

125 Supt. Accessory Drive 1 Aluminum 

126 Big. Accessory Drive Shaft 1 STD 

127 Brg. 03 Pimp Dr, Shaft Front 1 STD 

126 Brg. Oil Pump Dr. Shaft Rear 1 Oilite 

129 Shaft Oil Pump Drive 1 Sted 

130 Plate Ring Gear Supt 1 Sted 

131 Roller Supt. Plate faring Sted 

132 Spacer Ring Gear Supt- Plate 1 Sted 

133 Ring Spacer Retaining 1 Sted 

134 Sprocket Oil Pump Drive Sh 1 Sted 

135 Washer Sprocket Thrust 1 Sted 

136 Gear Planetary Dr. Ring 1 Sled 

137 Ring Gear Retaining 1 Sted 

136 Washer Planetary Gr. Set Thrust 2 Sted 

139 Assembly. Ranetary Gear Set 1 

140 

141 Spider Planetary Gear Set 1 Steel 

142 Plate Planetary Gear Set 1 Sted 

143 Gear Planetary 3 Steel 

144 Washer Plaentary Gear llirust 12 

145 Pin Planetary Gear 3 Sted 

146 Hub Planetary Gear 1 Steel 

147 Assembly. PI. Gear Retaining Plate 1 

146 Plate PI. Gear Retaining Plate 1 Steel 

149 Bearing Planetary Gear Hub 1 STD 

150 Bolt, Bolt-Rct. PI. to Accy. Supt 4 Sted 

151 C. Washer Bolt- Ret. PI. to Accy. Supt 4 Sted 

152 Plate Oil Pump Rotor Back 1 Steel 

153 Key Oil Pump Drive Shaft 1 Sted 

154 Assembly. Oil Pump Body 1 

155 Body Oil Pump 1 Cast Iron 

156 Plunger-Press. Relief Valve 1 Steel 

157 Spring Press. Relief Valve 1 Steel 

156 Cap Press. Rel. Valve Spring 1 Sted 

159 Pin Press. Rel. Valve Capcotter 1 Steel 

160 Rotor Oil Pump-fnncr 1 Sted 

161 Rotor Oil Pump-Outer 1 Steel 

162 '0*-Ring Oil Pump Body to Supt 1 Steel 

163 'O'-Ring Oil Pump Body to Supt.-Fress 1 Viton 

164 'O'-Ring Oil Pump Body to Supt-Suction 1 Viton 

165 'O'-Ring Oil Pump Body to Supt-Drain 1 Viton 

166 Screw Oil Pump Body to Acc, Dr. Supt 5 Sted 

167 C- Washer Oil Pump Body to Acc. Dr. Supt 5 Steel 


Appendix B 




APPENDIX B 


Part 

No. Part Name 


No. 

Req*d Material 


PreUmiiury 
Parts list, 
Single-Shaft 
Engi ^ 

Chrysler Layout 
9S1-2131 
Dated 9-7-78 
(contmued) 


168 Bolt Accy. Dr. Supt. to Red. Gr. Hsg 7 Steel 

169 C-Washer Accy. Dr. Supt. to Red. Gr. Hsg 7 Steel 

170 Assembly^ Oil Filter 1 STD 

171 Adapter Oil Filter 1 Steel 

172 Assembly, Oil Strainer - Complete 1 STD 

173 Assembly, Oil Strainer • Partial 1 

174 Assembly, Oil Strainer Screen 1 

175 Shield Oil Strainer 1 Swel 

176 Gasket Oil Strainer to Oil Pump 1 Veliumoid 

177 Bolt Oil Strainer to Oil Pump 2 Steel 

178 C'Washer Oil Strainer to Oil Pump 2 Steel 

1'’9 Trough Sprocket Oil See Fig. 6 1 Steel 

180 Bolt Oil Trough 2 Steel 

181 C'Washer Oil Trough 2 Steel 

182 Assembly Oil Pan - Complete 1 

183 Assembly Oil Pan - Partial 1 

184 Pan Oil 1 Steel 

185 Boss Oil Pan Drain Plug 1 Steel 

186 Gasket Oil Pan Drain Plug 1 Nylon 

187 Plug Oil Pan Drain 1 Steel 

188 Gasket Oil Pan 1 Vellumokl 

189 Bolt Oil Pan 15 Steel 

190 C'Washer Oil Pan 15 Steel 

191 Plug Lab T'Couple Hose 1 Steel 

192 Assembly Oil Filler Tube - Welded See Fig. 7 1 Steel 

193 O-Ring Oil Filler Tube 1 Viton 

194 Bolt Oil Filler Tube 2 Steel 

195 C'Washer Oil Filler Tube 2 Steel 

196 Assembly Oil Filler Tube Cap 1 STD 

197 Assembly Oil Level Dip Stick Tube 1 STD 

198 O-Ring Oil Level Indicator Tube 1 Steel 

199 Bolt Oil Level Ind. Tube 1 Steel 

200 C'Washer Oil Level Ind. Tube 1 Steel 

201 Dip Stick Oil Level 1 Steel 

202 Shaft Accessory Drive 1 Steel 

203 Sprocket Accessory Drive 1 PM Steel 

204 Sprocket Oil Pump Drive 1 PM Steel 

205 Gear Planetary Set Drive 1 Steel 

20o Ring Drive Gear Retaining 1 Steel 

207 Ring Oil Pump Dr. Sprocket Ret 1 Steel 

208 Chain Oil Pump Drive 1 Ste^ 

209 Assy, Accy Dr Sh. Retainer Plate 1 

210 Plate Accy. Dr Shaft Retainer 1 Alunu mm 

211 Bearing Accy. Drive Shaft 1 STD 

212 Seal Accy Drive Shaft Oil 1 Viton 

213 Shim Accy Dr Sh. Ret Plate AR Steel 

214 Bolt Ret. Plate to Red. Gr Hsg 4 Steel 

215 C- Washer Ret Plato to Red. Gr Hsg 4 Steel 

216 Key Accy Drive Shaft 1 Steel 

217 Pulley P/Strg Pump Drive 1 Steel 

218 Washer P/Strg Pump Drive Pulley 1 Steel 

219 Nut P/Strg. Pump Drive Pulley 1 Steel 

220 Assy, Ancillary Dr. Shaft Hsg 1 

221 Housing Ancillary Dr. Shaft Hsg 1 Aluminum 

222 Bearing Ancillary Dr Shaft 1 STD 

223 Seal Ancillary Dr Shaft Oil 1 STD 
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Part No. 

Ng Part Name Reg*d 

224 Shah Ancillary Drive 1 

225 Bearing Ancillary Drive Sh* Ball 1 

226 Ring Bearing Retaining I 

227 Ring Bearing Retaining 1 

225 Connector Ancil. Dr, Sh. to Accy. Dr. Sh 1 

229 Bolt Shaft Hsg. to Red, Cr, Hsg. 4 

230 C-Washer Shaft Hsg, to Red. Gr. Hsg 4 

231 Key Ancillary Drive Shaft 1 

232 Pulley A/C Compr, and Alternator Dr I 

233 Washer A/C Compr. and Alternator Dr 1 

234 Nut A/C Comp and Alternator Dr 1 

235 Gasket Red, Gr. Hsg. to Enguie Hsg 1 

236 Bolt Red. Gr. Hsg. to Engine Hsg 16 

237 C-Washer Red. Gr. Hsg. Engine Hsg 16 

235 Pinion Gas Gen. Rotor 1 

239 Assy, Intermediate Sh. Gear and Brg 1 

240 Shaft Pinion Gear and Intermediate 1 

241 Key Intermediate Shaft Gear 1 

242 Gear Intermediate Shaft 1 

243 Bearing Intermediate Shaft 2 

244 Assembly, Output Shaft 1 

245 Shaft Output 1 

246 Gear Output Shaft 1 

247 Sprocket-Output Shaft i.,.. 1 

245 Ring Sprocket and Gear Retaining 4 

249 Bearing Output Shaft Front 1 

250 Bearing Output Shaft Rear 1 

251 Chain Accessory Drive 1 

252 Bolt Cover to Red. Gr. Hsg 12 

253 C-Washer Cover to Red. Gr. . ’sg 12 

254 Rotor Pinion Thrust 1 

255 Washer Pinion Thrust Rotor 1 

256 Screw Pinion Thrust Rotor 1 

257 Cover Pinion Thrust Rotor 1 

255 Bolt Pinion Thrust Rotor Cover 4 

259 C- Washer Pinion Thrust Rotor Cover 4 

260 Plate Intermediate Shaft Ret 1 

261 'O' Ring Intermediate Shaft Ret. PI 1 

262 Screw Retainer Plate to Cover 4 

263 C -Washer Retainer Plate to Cover 4 

264 Assy, Output Sh. Ret. Plate 1 

265 Plate Output Shaft Retainer 1 

266 Seal Output Shaft Oil 1 

267 'O'-Ring Ret. Plate to Cover 1 

265 Screw Ret. Plate to Cover 4 

269 C-Washer Ret. Plate to Cover 4 

270 Assembly, V.I.G.V. Acutator-See Fig. 5 1 

271 Bracket Starter Motor Mounting 1 

272 Bolt Starter Brkt. to En.;. Hsg 2 

273 C 'Washer Starter Brkt, Eng. Hsg 2 

274 Assembly Starter Motor 1 

275 Pivot Starter to Bracket 2 

276 Bolt Pivot to Bracket 2 

277 C'Washer Pivot to Bracket 2 

275 Strap Starter Motor Adjusting 1 

279 Bolt Strap to Engine Hsg 1 


MiKfirt 

OVCCI 

STD 

STD 

STD 

Sted 

Om- I 

e* — » 
OIWI 

Steel 

Steel 

Steel 

Steel 

Steel 

Steel 

Steel 

Steel 

Steel 

Steel 


Steel 

Steel 

Steel 

Steel 

STD 

STD 

STD 

Steel 

Steel 

Steel 

Steel 

Steel 

Aluminum 

Steel 

Steel 

Aluminum 

Aluminum 

Steel 

Steel 

Aluminum 

Viton 

Viton 

Steel 

Steel 

Steel 

Steel 

Steel 

Steel 

Steel 

Steel 

Steel 

Steel 
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280 C'Washer Strap to Engine Hsg 1 Steel 

281 Bolt Strap to Starter Motor 1 Steel 

282 C'Washer Strap to Starter Motor 1 Steel 

283 Pulley Starting Motor Similar to FT No* 217 1 Steel 

284 Key Starting Motor Pulley 1 Steel 

285 C'Washer Starting Motor Pulley 1 Steel 

286 Bolt Starting Motor Pulley 1 Steel 

287 Vee-belt Starter Drive 1 STD 

288 Assembly, Burner - Complete 1 

28<) Assembly Burner Cover- Insulation 1 

290 Cover Burner 1 Steel 

291 Insulation Burner Cover 1 Fibrous 

292 Insulation Burner Cover - Pre-mixer 1 Fibrous 

293 Adhesive Molded Insulation AR 

294 Seam Filler Molded Insulation AR 

295 Coating Abrasion Resistant AR 

296 Tube Burner 1 SiC 

297 Assembly Torch Chamber - Welded See Fig. 9 1 

298 Gasket Torch Chamber 2 Asbestos 

299 Support Torch Nozzle See Fig. 10 1 304SS 

300 Nozzle Torch (Stewart -Warner) See Fig. 11 1 304SS 

301 Bolt Torch Nozzle and Chamber 2 Steel 

302 C'Washer Ibrch Nozzle and Chamber 2 Steel 

303 Assembly Pre-mixer Tube Insulation 1 

304 Assembly Pre- mixer - Welded See Fig. 12 1 

305 Tube Pre-mixer 1 HAST X 

306 Tube Pre- mixer - Outer Swirl 1 304SS 

307 Tube Pre- mixer - Inner Swirl 1 304SS 

308 Support Pre- mixer Tube 1 304SS 

309 Insulation Pre-mixer Tube Support 2 Fibrous 

310 Injector Pre-mixer Fuel See Fig. 13 1 304SS 

311 Gasket Pre-mixer Tube Assembly 2 Asbestos 

312 Bolt Pre-mixer Tube Assembly 6 Steel 

313 C'Washer Pre- mixer Tube Assembly 6 Steel 

314 Plug Hex Head Pipe 1/8 1 Steel 

315 Plug Hex Head Pipe 1/4 1 Steel 

316 Assembly Igniter Plug (Champion RN-12Y) 1 

317 Spacer Igniter Plug 1 Steel 

318 Gasket Burner Covet 1 STL-ASB 

319 Bolt Burner Cover 14 Steel 

320 C'Washer Burner Cover 14 Steel 

321 Assembly Fuel Metering Valve See Fig. 14 1 

322 Assembly Fuel Metering Valve w/Press. Reg 1 

323 Assembly Flow Transducer 1 

324 Assembly Pressure Switch 1 

325 Element In-Line Filler 1 STD 

326 Insulator 2- Way Male Connector 1 Plastic 

327 Terminal Male 2 Steel 

328 Insulator 3-Way Male Connector 1 Plastic 

329 Terminal Male 3 Steel 

330 Bracket Fuel Metering I'alve Assembly 1 Steel 

331 Nut Fuel Metering Valve Bracket 2 Steel 

332 Screw Fuel Metering Valve To Bracket 2 Steel 

333 Valve Fuel Solenoid 1 STD 

334 Valve Fuel Check 2 STD 


Appendix B 


APPENDIX B 

Preliminary 
Parts list, 
Single>Shaft 
Engine 

Chrysler Layout 
9S1-2131 
Dated 9-7-7* 
(continued) 


Part 

Na 

Part Name 

Na 

iUq'd 

Material 

335 

Solenoid Bleed 

1 

STD 

33o 

Control, Electronic - Unit (ECU) See Fig. 15 



337 

Exciter Ignition (Bendix Type TVN) 

1 


333 

Cable Ignition Exciter to Igniter Plug 

1 


339 

Assembly Regenerator * Complete 



340 

Assembly Regenerator Inner Seal 

1 


341 

Seal Inner Crossarm Rubbing (Coated) 

1 

To Be Developed 

342 

Plate Inner Crossarm Rubbing Seal 

1 

Inconel X 

343 

Seal Regen. Inner Rear Rim - Rubbing 

1 

See No. 541. 542 

344 

Seal Regen. Inner Front Rira - Rubbing 

1 

See No 541. 542 

345 

Retainer Rubbing Seal 

2 

504SS 

346 

Clip Regen. Seal Retaining 

5 

504SS 

347 

Screw Regen Seal Retaining 

5 

504SS 

343 

Lock Washer Regen. Seal Retaining Screw 

5 

5(kSS 

349 

Assembly Regenerator Core * Complete 

1 


3S0 

Core Regenerator 

1 

A1 Silicate 

351 

Assembly Regen . Gear and Rim 

1 


352 

Rim Regen Core Gear 

1 

Steel 

353 

Gear Regen. Core 

1 

Cast Iron 

354 

Pin Regen. Core Gear 

8 

Steel 

355 

Ring Regen. Core Satety 

1 

Steel 

356 

Bearing Regenerator Core 

1 

Graphite 

357 

Shaft Regenerator Center 

X 

Steel 

358 

Kev Regen. Center Shaft 

1 

Steel 

359 

Sleeve Regen. Core Bmg. - Eccentric 

1 

Steel 

360 

Ring Regen. Core Hold Down Wash Ret 

1 

Steel 

3ol 

Washer Regen. Core Hold Down 

1 

Steel 

3o2 

Assembly Regenerator Outer Seal 

1 


363 

Seal Outer Rubbing 

1 

See No 341, 342 

364 

Retainer Rubbing Seal 

? 

304SS 

365 

Clip Regen. Seal Retaining 

2 

304SS 

366 

Screw Regen. Seal Retaining 

2 

304SS 

367 

Lock washer Regen. Seal Retaining Screw 

2 

304S5 

363 

Assv , Regen. Drive Shatt Housing 

1 


369 

Housing Regen. Drive Shaft Housing 

1 

Aluminum 

370 

Bearing Regen Drive Shaft 

1 

STD 

371 

Seal Regen. Dnve Shaft Oil 

1 

Viton 

372 

Shaft Regenerator Drive 

1 

Steel 

373 

Beanng Regenerator Dnve Shaft 

1 

STD 

374 

Ring Bearing Retaining 

1 

STD 

375 

Ring Bearing Retaining 

1 

STD 

376 

Bolt Shaft Hsg- to Eng. Hsg 

4 

Steel 

377 

C 'Washer Shaft Hsg. to Eng. Hsg. . . . 

4 

Steel 

379 

Kev Regen. Dnve Shatt 

1 

Steel 

37<» 

Pinion Regenerator Dnve 

1 

Steel 

330 

Screw Regenerator Drive Pinion 

1 

Steel 

3?>; 

Washer Regenerator Drive Pinion 

1 

Steel 

532 

Tube Shaft Hsg to Eng. Seal 

1 

Aluminum 

333 

'O' Ring Sealing 


Viton 

334 

Connector Regen. Drive Shaft 

1 

Steel 

335 

Assembly. Regenerator Cover 

1 


336 

Cover Regenerator - Machining 

1 

Steel 

337 

Screw Regen. Seal Locating 

4 

Steel 

333 

pin Regen. Seal Indexing 

1 

Steel 

389 

Insert Mo x 1 0 Tap Lock 

5 

304SS 

390 

Plug Heater Controls .Air Supply 

1 

Steel 
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(continued) 


391 Bushing Regen. Center Shaft 1 Steel 

39Z A Washer Regen. Center Shaft 1 Steel 

393 Nut Regen. Center Shaft 1 Steel 

394 Lock Plate Regen. Center Shaft Nut 1 Steel 

395 Bolt Center Shaft Nut Lock Plate 1 Steel 

396 Coned Washer Center Shaft Nut Lock Plate 1 Steel 

397 Shim Regenerator Cover - (0.2) AR Steel 

398 Shim Regenerator Cover - (0.4) AR Steel 

399 Shim Regenerator Cover - (0.8) AR Steel 

400 Shim Regenerator Cover - (1.0) AR Steel 

401 Shim Regenerator Cover - (1.5) AR Steel 

402 Gasket Regenerator Cover - (0.4) AR Asbestos 

403 Gasket Regenerator Cover - (0.8) AR Asbestos 

404 Bolt Regenerator Covei - Short 28 Steel 

405 Bolt Regenerator Cover - Long 2 Steel 

406 Nut Regenerator Cover 4 Steel 

407 Washer Regenerator Cover 34 Steel 

408 Coned Washer Regenerator Cover 34 Steel 

409 Assembly, Air/Oil Separator See Fig. 16 1 

410 Bolt, Air/Oil Separator Assy 2 Steel 

411 C' Washer/ Air/Oil Separator Assy 2 Steel 

412 Elbow/Air Vent See Fig. 17 1 Steel 

413 O-Ring, Air Vent Elbow 1 Viton 

414 Gasket, Air Vent Elbow 1 Asbestos 

415 Bolt, Air Vent Elbow 2 Steel 

416 C'Washer, Air Vent Elbow 2 Steel 

417 Assembly, Separator Drain Tube See Fig. 18 1 Steel 

418 Nut, Air/Oil Separator Oil Drain Tube 1 Steel 

419 Bolt, Air/Oil Separator Oil Dr. Tube Assy 1 Steel 

420 C' Washer, Air /Oil Separator Oil Dr Tube Assy 1 Steel 

421 Connector, Air/Oil Sep. Oil Dr. Tube Assy 1 Steel 

422 Assembly, Power Steering Pump - Complete 1 

423 Assembly, Power Steering Pump - Partial 1 

424 Reservoir, P/S Pump - Modified 1 Steel 

425 Assembly, P/S Pump Reservoir Cap 1 Steel 

426 Bracket, P/S Pump - Rear See Fig. 19 1 Steel 

427 Bolt, P/S Pump to Brkt. Pivot - Rear 1 Steel 

428 C'Washer, P/S Pump to Brkt. Pivot - Rear 1 Steel 

429 Washer, P/S Pump to Brkt. Adj. Spacer 1 Steel 

430 Bolt, P/S Pump to Brkt. Adjusting 1 Steel 

431 C'Washer, P/S Pump to Brkt. Adjusting 1 Steel 

432 Bracket, P/S Pump - Front 1 Steel 

433 Nut, P.S Pump to Brkt. Pivot - Front 1 Steel 

434 C'Washer, P/S Pump to Brkt. Pivot - Front 1 Steel 

435 Pulley, P/S Pump 1 Steel 

436 Bolt, Rear Bracket to Engine Hbg 2 Steel 

437 C'Washer, Rear Bracket to Engine Hsg 2 Steel 

438 Bolt, Front Bracket to Gear Hsg 2 Steel 

439 C'Washer, Front Bracket to Gear Hsg 2 Steel 

440 V-Belt, P/S Pump Drive 1 STD 

441 Assembly, Alternator and Pulley 1 

442 Assembly, Alternator (12 volt-65 amp) 1 STD 

443 Pulley, Alternator 1 Steel 

444 Bracket, Alternator Mounting 1 Steel 

445 Bolt, Alternator Mounting 3 Steel 
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Part No. 

No. Part Name Req*d Material 

440 Boh. Alternator Mounting Pivot 1 Steel 

447 Coned Washer, Alternator Mounting Pivot 1 Steel 

448 Washer, Alternator Mounting Pivot 2 Steel 

449 Nut, Altenutor Mounting Pivot 1 Steel 

450 Spacer, Alternator Pivot Bracket 1 Steel 

451 Strap, Alternator Adjustiitg 1 Steel 

452 Bolt, Alt. Adj. Strap to Hsg 1 Sted 

453 Coned Washer, Alt. Adj. Strap to Hsg 1 Steel 

454 Bolt, Alt. Adj. Strap to Alt 1 Steel 

455 Coned Washer, Alt. Adj. Strap to Alt 1 Steel 

456 V-Belt, Alterrutor Drive I STD 

457 Assembly, Transmission - Complete 1 
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